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PREFACE TO THE AMERICAN EUITIOli. 



PoK t)ie benefit of tLosc who attended hia lectui'es on 
Light and Electricity at the Royal InBtitutioa, Prof. 
Tyndall prepared with mucli care a Bcrics of Notes, sum- 
ming up briefly and clearly the leading facta and princi- 
ples of these sciences. The Notes proved so serviceable 
to those for whom they were designed, tbat they were 
widely sought by students and teachers, and Prof. 
Tyndall accordingly had them reprinted in two small 
books. UDder the convictioa that they will be equally 
appreciated by instructors and learners in this conntry, 
they are here combined and republished in a single 
volume. 

No intelligent teacher or earnest student needs to bo 
reminded of the importance of repetition and recapitula- 
tion to give permanence to mental impreBsions, But it is 
neither possible nor dcBirable to retain in the memory 
the copious details which may be necessary to the first 
comprehension of a subject. Hence, after listening to 
a course of lectures, or going through an e.Ytended work 
in whieh facts, e.fpcrimtutal proofs, and speculations, havOj 
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been elaborately presented, it is invaluable to retraverse 
the field, concentrating attention upon the prominent 
and established principles of the subject. This is an in- 
dispensable condition of all solid acquisition ; and, in thus 
clearly and sharply stating the fundamental principles of 
Electrical and Optical Science, Pro£ Tyndall has earned 
the cordial thanks of all interested in education. 

Xxw York, AprU^ ISlh 
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RectUbu. 
Light. 

1. TnE ancientB suppoBed iight to be produced and 
vision escited by something emitted from tlie eye. The 
moderns hold vision to be excited by something that 
strikes the eye from withoot. Wliiit that something is 
we shall consider more closely subsequently. 

2. LxvminoviS bodies are independent sources of light. 
They generate it aod emit it, and do not receive their 
light from other bodies. The sun, a star, a caiidlc-flamo, 
are examples. 

3. Jlluminated bodies are such as receive the light by 
which they are seen from luminous bodies. A house, a 
tree, a man, are examples. Such bodies scatter in all 
directions the light which they receive ; this light readies 
the oyo, and through its action tho illuminated bodies are 
rendered visible. 

4. All illuminated bodies suattor or reflect light, and 
they are distinguished from each other by the excess or 
defect of light which they send to tho eye. A white cloud 
in a dark-blue firmament is distinguished by its excess of 
light ; a dark pine-tree projected against tho same cloud is 
distinguished through its defect of light. 

5. Look at any point of a visible ohject. The light 
comes from that point in straight lines to the eye. Tho 
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lineB of Ught, or rays as they are called, that reach the 
pnpU form a cone, with the pupil for a baee, and with the 
point for an apex. The point ia always seen at the place 
where the rays which form the surface of this cone inter- 
sect each other, or, as we shall loam immoiliately, where 
they seem, to intersect each other. 

6. light, it haa just been said, moves in straight lines ; 
you see a luminous object by moans of the rays which it 
sends to the eyo, but you cannot see round a comer. A 
small obstacle that Intercepts the view of a visible point 
is always in the straight line between the eye and the 
point. In a dark room let a small hole he made in a win- 
dow-shutter, and let the sun shine through tiie hole, A 
narrow luminous beam will mark its course on the dust 
of the room, and the track of the beam will be perfectly 
straight. 

1. Imagine the aperture to diminish in size until the 
beam passing through it and marMng itself upon the dust 
of the room shall dwindle to a mere line in thickness. In 
this condition the beam is what we call a ray of light. 

Formation of Images through SmaU Apertures. 
8. Instead of permitting the direct sunlight to enter 
the room by the small aperture, let the Ught from some 
body illuminated by the sun — a tree, a house, a man, for 
example — be permitted to enter. Let this light be re- 
ceived upon a white screen placed in the dark room. 
Every visible point of the object sends a straight ray of 
light through the aperture. The ray carries with it the 
color of the point from which it issues, and imprints the 
color upon the screen. The sum total of the rays felling 
thus upon the screen produces an inverted image of that 
object. The image is inverted because the rays 
other at the apertuit. 




8. Miperimenlal lUttstration, — Place a lighted candle 
m a small camera with a small orifice in one of its sidcB, 
or a largo one covered by tiu-foil. Prick the tin-foil with 
a needle; the inyerted image of the flame will immediate- 
ly appear Tipon a screen placed to receive it. By ap- 
proaching the camera to the Bcreen, or the Bcreen to the 
camera, the size of the image is diminished ; by angment- 
ing the distance between them, the size of the image is 
increased. 

10. The boundary of the image is formed hy drawing 
from every point of the ontline of the object straight lines 
through the aperture, and producing these lines until they 
cut the screen. This could not be the case if the straight 
lines and the light rays were not coincident. 

11. Somebodies have the power of permitting light to 
pass freely through them ; they are transparent bodies. 
Others Iiave the power of rapidly quenching the light that 
enters them ; they are opaque bodies. There is no such 
thing as perfect transparency or perfect opacity. The 
purest glass and crystal 'quench some rays ; the most 
opaque metal, if thin enough, permits some rays to pass 
through it. The redness of the London sun in smoky 
weather is due to the partial transparency of soot for the 
red light. Pure water at great depths is blue; it quenches 
more or less the red rays. Ice when seen ip large masses 
in the glaciers of the Alps is blue also. 

ShadoioB. 
la. As a consequence of the rectilinear motion of light, 
opaque bodies cast shadows. If the source of light he a 
pot?it, the shadow is sharply defined; if the source be 
a luminous avrface, the perfect shadow is fringed by an 
imperfect shadow called a penumbra. 

113. When light emanates from a point, the shadow of 
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a sphere placed iii the light is a dioergtint cone sharply 
defined. 

14, When light emanates from a luminous glote, the 
perfect shadow of a. sphere equal to the glohe in size will 
be a cylinder; it will be bordered by a penumbra. 

15. If the luminous sphere be the larger of the two, 
the perfect shadow will be a convergent cone; it will be 
surrounded by a penumbra. This is the character of the 
shadows cast by the earth and moon in space ; for the sun 
is a sphere lafger than either the earth or the moon. 

16. To an eye placed in tlie true conical shadow of iha 
moon, the sun is totally oclipBcd; to an cyo in the penum- 
bra, the aun appears homed; while to an eye placed be- 
yond the apex of the conical shadow and within the space 
enclosed by the surface of the cone produced, the eclipse 
is annular. All these eclipses are actually seen from time 
to time from the earth's surface, 

17. The influence of magnitude may be experimentally 
illustrated by means of a bat's-wiug or flsh-tail flame; or 
by a fiat oH or paraffine fiarae. Holding an opaque rod 
between the flame and a white screen, the shiidow is sharp 
when the edge of the flame ia turned toward the rod. 
When the broad surface of the flame is pointed to the 
rod; the real shadow m fringed by a pennmbra. 

18, As the distance from the screen increases, the 
penumbra encroaches more and more upon the perfect 
shadow, and finally obliterates it, 

19, It is the angular magnitude of the aiiu that de- 
stroys the sharpneaa of solar shadows. In sunltght, &w 
example, the shadow of a hair ia sensibly washed away aA 
a few inches distance from the surface on which it £tUs. 
The electric light, on the contrary, emanating as it does 
from small carbon points, casts a defined shadow of a 
upon a screen many feet distant. 
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EXFEEULEMEST OF LIGIIT BY DISTANCE. 
E/i/eeblemeHl of Light hij Distance; ILata of Inverse 



20. Ligbt diministics in intensity as we recede ixom 
Itie BoarcQ of light. If the lominous Boarce be a point, 
the intensity diminishea as l/ie square of the distance in- 
creaset. Calling the quantity of light falling npon a g^ven 
surface at the distance of a foot or a yard — 1, tho quantity 
falling on it at a distance of 2 feet or 2 yards la f , at a 
distance of 3 feet or 3 yards it is J, at a distanco of 10 feet 
or 10 yards it would bo -j^, and so on. Tliia is the mean- 
ing of the law of inverse squares as applied to light. 

21. E/^^erimental Illustrationa. — Place your source yf 
light, which may be a candle-flame — though the law ia in 
strictness true Only ior points — at a distance say of 9 feet 
from a whito screen. Hold a square of pasteboard, or 
some other suitable material, at a distance of 2j feet from 
the flame, or jth of tho distance of the screen. Tfie square 
oasts a shadow upon the screen. 

22. Assure yourself that the area of this shadow is 
sixteen times that of the square which casta it; a studeut 
of Euclid will see in a moment that this must be the case, 
and those who are not geometers can readily satisfy them- 
selves by actual measurement. Dividing, for example, 
each side of a square sheet of pnpor into four equal parts, 
and folding tlio sheet at the opposite points of division, a 
'email square is obtained ^th of the area of the large one. 
Let this small square, or one equal to it, be your shadow- 
casting body. Held at 2J feet iiom the flame, its shadow 
upon the screen feet distant will bo exactly covered by 
the entire sheet of paper. When, therefore, -the small 
square is removed, the light that foil upon it is diffused 
over sixteen times the area on tho screen ; it is therefore 
diluted to ^jth of its former intensity. That is to say, by 
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angmenting the distance fourfold we dimiulah tbe light 
Bixteenfold. 

23. Make the Bame experiment by placiug a square at 
a distance of 3 feet from the source of light and 6 from 
the screen. The shadow now cast by the square will have 
nine times the area of the square itself ; hence the light 
falling on the square is diffiised over nine times the surface 
upon the screen. It is, therefore, reduced to |th of its 
intensity. That is to say, by trebling the distance from 
the source of light we diminish the light ninefold. 

24. Make the s.ame experiment at a distance of. 4^ &et 
from the source. The shadow here will be four times the 
area of the shadow-casting square, and the light dlfiased 
over the greater square will bo reduced to Jlh of its 
former intensity. Thus, by doubling the distance from 
the source of light we reduce the intensity of the light 
fourfold. 

25. Instead of beginning with a distance of 2J feet 
from the source, we might have begun with a distance of 
1 foot. The area of the shadow in this case would be 
eighty-one times that of the square whicli casta it; prov- 
ing that at 9 feet distance the intensity of tbe light is ^ 
of what it is at 1 foot distance, 

26. ThiiB when the distances are 

1, 2, 3, 4, 6, 6, 7, 8, 9, etc., 
the relative iotcosities are 

1, h h iV, A, A. iV. 11^, T?T. etc. 
This is the numerical expression of the law of inverse 
squares. 

Photometry, or the Measurement of Light. 

27. The law just established enables us to compare 
one Ught with another, and to express by numbers their 
relative illuminating powers. 
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L 28. The more intense a light, the darker is the shadow 
hich it casts; in other words, the greater la tho contrast 
between the illumlaated and Qnillnminated surface, 

29. Place an upright rod in front of a white screen and 
a candle-dame at some distance behind tbe rod, the rod 
casts a shadow upon the screen. 

30. Place a second flame by the side of the first, a 
second shadow is east, and it is easy to arrange matters 
BO that the shadows shall be close to each other, thus 
oflfering themselves for easy comparison to the eye. K 
when tho lights are at the same distance iJom the screen 
the two shadows are equally dark, then the two lights 
have the same illuminating power. 

31. But if one of the shadows be darker than the other, 
it is because its corresponding light is brighter than the 
other. Remove the brighter light farther from the screen, 
the shadows gradually approximate in depth, and at length 
the eye can perceive no difference between them. The 
shadow corresponding to each light is now illuminated 
by the other light, and if the shadows are equal it is be- 
cause the quantities of light cast by both upon the screen 
are equal. 

S3. Measure the distances of the two lights from the 
screen, and square these distances. The two squares will 
express the relative illuminating powers of the two lights. 
Supposing one distance to be 3 feet and the other fi, the 
relative illuminating powers arc as to 35. 

Brightness. 
33. Bat if light diminishes so rapidly with the distance 
— ^if, for example, the light of a candle at the distance of a 
yard ia 100 times more intense than at the distance of 10 
yards — how is it that on looking at lights in churches or 
theatres, or in large rooms, or at our sti'eet-lamps, a light 
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10 yards off aiipcars almost, if Bot quite, as lirigbt aa one 
close at hand ? 

34. To answer tliis questiou I must anticipate matters 
BO far as to say that at the back of the eye is a screen, 
woven of nerve-filaments, named the retina; and that 
when we see a light distinctly, its image is formed upon 
this screen. This point will be fully developed when we 
come to treat of the eye. Now the sense of estemal 
brightness depends upon the brightness of this internal 
retinal image, and not upon its size. As we retreat from 
a light, its imago upon the retina becomes smaller, and it 
is easy to prove that the diminution follows the law of 
inverse squares ; that at a double distance the area of 
the retinal image is reduced to one-fourth, at a treble dis- 
tance to one-ninth, and so on. The concentration of light 
accompanying this decrease of magnitude exactly atones 
for the dbninution due to distance ; hence, if the air be 
clear, the light, within wide variations of distance, appeaift 
equally bright to the observer. 

35, If an eye could be placed behind the retina, the 
augmentation or diminution of the image, with the de- 
crease or increase of distance, might be actually observed. 
An exceedingly simple apparatus enables us to illttstrate 
this point. Take a pasteboard or tin tube, three or fcmr- 
inches wide and throe or four iiichoa long, add cove* 
one end of it witli a sheet of tin-foil, and the other with 
tracing-paper, or ordinary letter-paper wetted with oil 
or turpentine. Prick the tin-foil with a needle, and 
turn the aperture toward a candle-flame. An inverted 
image of the flame will be seen on the translucent paper 
screen by the eye behind it, Aa you approach the Saiaa 
the image becomes larger, as you recede from the flame tlba 
image becomes smaller; but the fo-ipA^jiesa remains throogh- 
out the same. It is so with tho image upon the retina. 
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16. If a sunbeam be permitted to eottr a room ibrcmgb 
tail aperture, tlie spot of light foimM oo a ^taat 
Bcreec will be roun^ whatever be tiie diape of the apt^ 
tare ; this cnrioos effect is due to the aagolar m^nkade 
of the snn. Were the eon s point, the l^bt Fpot would be 
accurately of the same shape as the spertnr& Sapftoeing, 
then, the apertnre to be eqnare, every ptsnt of light roowl 
the san's periphery seod^ a small gquare to the sefeec 
These small squares are ranged round a circle correspond- 
ing to the periphery of the sun; throngh their blending 
and overlapping they pro-Ioce a rounded outline. Tbo 
spots of light which fail Uirongh the apertnre* of a tree's 
foliage on the groond are ronndcd for the same reason. 

Light nqn-irix Time toj-aa throuQh Sf-aa. 

37. This was proved in 1673 and 16TC by an eminent 
Dane, named Olaf Eermcr, who was then engaged with 
Caesini in Paris in observing the eclipses of Jnpiter's 
moons. The planet, whose distance from the son is 475,- 
693,000 miles, has four satellites. We are now only con- 
cerned with the one nearest to the planet. KiBmer watched 
this moon, saw it move round in front of the planet, pass 
to the other side of it, and then plunge into Jupiter's 
shadow, behaving like a lamp suddenly extinguished: at 
the other edge of the shadow he saw it reappear like a 
lamp suddenly lighted. TIic moon thus acted the part of 
a signal-light to the astronomer, which enabled him to 
tell exactly its time of revolution. The period between 
two saccessive lightings np of the lunar lamp gave this 
time. It was found to bo 42 houn:, 28 minutes, anJ 35 
seconds. 

38. This observation was so accurate, that having de- 
termined the moment when the moon emerged from the 
shadow, the moment at it^ hundredth appearance could 
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also be determined. In fact, it woidd be 100 times 42 
hours, 28 miuuteB, 35 Beconds, from the first observa- 
tion. 

39. Rcemer'e first observation was made wben tbe 
eartb 'was in tbe part of its orbit nearest Jupiter, About 
six months afterward, when the little moon ought to make 
its appearance for the hundredth timo, it was found nn- 
punctaal, being fully 15 minutes behind its calculated 
time. ItB appearance, moreover, had been growing grad- 
ually later, as the earth retreated toward the part of its 
orbit most distant from Jupiter. 

40. Effimcr reasoned thus: "Had I been able to re- 
main at the other side of the earth's orbit, the moon might 
have appeared always at the proper instant; an observer 
placed there would probably have seen the moon 15 
minutes ago, the retardation in my case being due to 
the fact that the light requires 1.5 minutes to travel from 
the place where my first observation was made to my 
present position." 

41. This flash of genius was immediately succeeded by 
another, " K this surmise be correct," RcEmcr reasoned, 
" then as I approach Jupiter along the other side of the 
earth's orbit, the retardation ought to become gradually 
less, and when I reach the place of my first observatiou 
there ought to bo no retardation at all." lie found this 
to be the ease, and thus proved not only that light re- 
quired time to pass through space, but also determined 
its rate of propagation. 

42. The velocity of light as determined by Rcemer is 
192,500 miles in a second. 



The Aberration of Light. 
itounding velocity assigned to light by the ob« 
!cived the most striking confirma- 



The 
nervations of Rmmer 
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tion from the English astronomer Bradley in tha year 
' 1723. In Kew Gardens to the present hour there is a 
Bnndial to mark the spot where Bradley discovered the 
aberration of light. 

43. If we move quickly through a rain-shower which 
falls vertically downward, the drops will no longer seem 
to fall vertically, bat will appear to meet us. A similar 
deflection of the stellar rays by the motion of the earth io 
its orbit is called the aberration of light, 

44. Knowing the speed at which we move through a 
vertical rain-shower, and knowing the angle at which the 
rain-drops appear to descend, wo can readily calculate the 
velocity of the falling drops of rain. So, likewise, know- 
ing the velocity of the earth in its orbit, and the deflec- 

^Ltion of the rays of light produced by the earth's motion, 
^Blre can immediately calculate the velocity of light. 
^B 46. The velocity of light, as determined by Bradley, ia 
^HEtSI,5I5 miles per second — a most striking agreement with 
^HUie result of Btcmer. 

^P 46. This velocity has also been determined by experi- 
ments over terrestrial distances. M. Fizeau found it thus 
to be 194,677 miles a second, while the later experiments 
of M. Foueault made it 185,177 milea a second. 

^47. "A cannon-ball," says Sir John Herschel, "would 
quire seventeen years to reach the sun, yet light travels 
■er the same space in eight minutes. The swiftest bird, 
I HI its utmost speed, would require nearly three weeks to 
make the tour of the earth. Light performs the same dis- 
tance in much less time than is necessary for a single 
stroke of its wing; yet its rapidity is but commensurate 
with the distance it has to travel. It is demonstrable 
that light cannot reach our system from the nearest of the 

Ifised stars in less than five years, and telescopes disclose 
to ns objects pi'obably many times more remote." 
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TliA MefiectioH of Light (Catoptrics)— J'la/te Mlrron. 

48. When light passes from one optical medium to ou- 
otlier, a portion of it ia always turned back or redeoted. 

40. Light is regularly reflected by a polished BorfacG; 
but if the surface be not polished, the light is irregularly 
reflected or scattered. 

50. Thus a piece of ordinary drawing-paper will scat- 
ter a beam of light that falls upon it so as to illumlD&te a 
room. A plane mirror receiTing the sunbeam will reflect 
It in a definite direction, and ilhiminate intensely a email 
portion of the room. 

51. If the polish of the mirror were perfect it would 
be invisible, wo should simply see in it the images of other 
objects ; if the room were without dust-particles, tlia 
beam passing through the air would also be invisible. It 
is the light scattered by the mirror and by the partiolea 
suspended in the air which renders them visible. 

5'2. A ray of light striking as a perpendicular gainst 
a reflecting surface is reflected back along the perpen- 
dicular; it simply retraces its own course. H it strike 
tlie surface obliquely, it is reflected obliquely. 

53. Draw a perpendicular to the sm-face at the point 
where the ray strikes it ; the angle enclosed between the 
direct ray and this perpendicular is called the angle of ii^ 
cidence. The angle enclosed by the r^lected ray and tli« 
perpendicular is called the angle o£ reflection. 

54. It is a fundamental law of optics that the angle of 
incidence ia equal to the angle of rejection. 

Verification of the Law of Meflection. 

55. Fill a basin with water to the brim, the water bb ' 
Mig blackened by a little ink. Let a small plnmmet — 
a small lead bullet, for example— suNpeudt'd by a tbread, 
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hang into tlw; water. The water is to be our fiorLzoiital 
niirror, and the plumb-lino our perpendicular. Let the 
plummet bang from the centi'o of a horizontal scale, with 
inches marked upon it right and left from the point of 
Buspension, which is to be the zero of the scale, A lighted 
candle is to be placed on oue side of the pltimb-line, the 
observer's eye being at the other, 

56. The question to be solved is this : How is the ray 
which strikes the liquid surface at the foot of the plumb- 
line reflected ? Moving the candle along the scale, so that 
the tip of its flame shall stand opposite difierent numbers, 
it is found that, to see the reflected tip of the flame in4lie 
direetton of the foot of t/ie plumb-Une, the line of vision 
mnst cut the scale as far ou the ono side of that line as the 
candle is on the other. In other words, the ray reflect- 
ed from the foot of the perpendicular cuts the scale 
accurately at the candle's distance ou the other side 
of the perpendicular. From this it immediately follows 
that the angle of incidence is eqaal to the angle of reflec- 
tion. 

57. With an artificial horizon of this kind, and employ- 
ing a theodolite to take the necessary angles, the law haa 
been established with the most rigid accuracy. The angle 
of elevation to a star being taken by the instrument, the 
telescope is then pointed downward to the image of the 
star reflected from the artificial horizon. It is always 
foond that the direct and reflected rays enclose equal 
angles with the horizontal axis of the telescope, the reflected 
ray being as far below the horizontal asis as the direct ray 
Is above it. On account of the star's distance the ray 
wliich strikes the reflecting surface is parallel with the ray 
which reaches the telescope directly, and from this follows, 
by a brief but ijgid demonstration, the law above enun- 
ciated. ' 
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58. The path described by the direct aud reflected rays 
b the shortest possible. 

59. When the reflectiog surface ia rougbeued, rays from 
diflbrcnt points, more or lees distant from each other, reaoh 
the eye. Thus, a breeze crisping the surface of the Tbamei 
or Serpentine sends to the eye, instead of smgte imageS' 
of the lamps upon their margin, pillars of light. Blowing 
upon our basin of water, we also convert the reflected light 
of our candle into a luminous column. 

CO. Light is reflected with different energy by different 
substances. At a perpendicular incidence, only 18 rays ont 
of every 1,000 are reflected by water, 35 rays per 1,000 by 
glass, while 666 per 1,000 are reflected by mercury. 

61. When the rays strike obliquely, a greater amount 
of light than that stated in 60, is reflected by water and 
glass. Thus, at an incidence of 40°, water reflects 32 rays 
at 60", 85 rays; at 80°, 333 rays; and at 89^° (almost 
grazing the surfaco), it reflects 121 rays out of every 1,000.. 
This is as much as mercury reflects at the same incidence, 

62. The augmentation of the light reflected as the 
obliquity of incidence Is increased may be illustrated by 
onr basin of water. Hold the candle so that its rays en- 
close a large angle with the liquid surface, and notice the 
brightness of its image. Lower both thd candle and the 
eye until the dii-ect and reflected rays ae nearly as poseiblo 
graze the liquid surface ; the image of the flame is 
much brighter than before. 

Me/lection from Looking-glasses. — Various instractiTff, 
experiments with a looking-glass may be here performed! 
and understood. 

63. Note first when a candle is placed between tbe glass 
and the eye, eo that a Ime from the eye through the candle-, 
ia perpendicular to the glass, that one well-defined 
of the c.indlc only is seen. 
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''94. Let tlie eye now be moved so aa to receive an ob- 
■nque reflection; tbe image is no longer single, a series of 
images at first partially overlapping eaeb other being seen. 
By rendering tbe incidence sufficiently oblique these 
images, if tbe glass be snfficiently thick, may be completely 
separated from eaeb other. 

65. The first image of the series arises from the i-eflection 
of the light &om the anterior aiii-face of the glass. 

66. The second image, which is usually much the bright- 
est, ariaes from reflection at the silvered surface of the glass. 
At large incidenocs, aa we have just learned, metallic re- 
HectioQ fiir transcends that from glass. 

G7. The other images of the series are produced by the 
reverberation of the light from snrface to surface of the 
glass. At every return from the silvered surface a portion 
of the light quits the glass and reaches the eye, forming 
an image ; a portion la also sent back to tlie silvered sur- 
face, where it ia again reflected. Part of this reflected 
beam also reaches the eye and yields another image. This 
proccsB continues : the quantity of Iiglit reaching the eye 
growing gradually less, and, aa a conse<iiience, the succcs- 
sive images growing dimmer, until finally they become too 
dim to be visible. 

68. A very instructive experiment illustrative of the 
alimentation of the reflection from glass, through aug- 
mented obliquity, may here be made. Causing the candle 
and the eye to approach the looking-glass, the first image 
becomes gradually 1 
the imago reflected i 
nouB, than that n 
the re fleet io 
but with a good t 
fectivG as not t( 
— the succcBsion o 
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CO. I'oaitioH and Character of Images in Plane Mir- 
rora. — The image in a plane mirror appears as far behind 
the miiTor as tlie olyect ia io front of it. This followB im- 
mediately from the law which announces the equality of 
the angles of incidence and reflection. Draw a line repre> 
senting the section of a plane mirror ; place a point in front 
of it. Rays issue from that point, are i-eflected from the 
mirror, and strike the pupil of the eye. The pupil is the 
base of a cone of such raya. Produce the rays backward; 
they will intersect behind the mirror, and the point wiU, 
be seen as if it existed at the place of intersection. The 
place of intersection is easily proved to be as far behmtl 
the mirror as the point ia in front of it. 

70. Exercises in determining the potiilions of images in 
a plane mirror, the positions of the objects being given, 
are here desirable. The image is always found by simply 
letting fall a perpendicular from each point of the objeot, 
and producing it behind the mirror, so as to make the park 
behind equal to the part in front. We thus learn thatl^' 
image is of the same size and shape as the object, agreeing 
with it in all respects save one — the image ia a lafereU U^ 
version of tlie object. 

71. This inversion enables us, by means of a mirror,* 
read writing written backward, as if it were written in tha 
usual way. Compositors arrange their type in this back- 
ward fashion, the type being reversed by the process of 
printing, A looking-glass enables us to read the type B 
the printed page. 

72. Lateral inversion comes into play when we looksl 
our own faces iji a glass. The right cheek of the object 
for example, is the left cheek of the image ; the right hanj 
of the object the loft hand of the image, etc. The li 
parted on the loft in the object is seen parted to the rigbl 
of the image, etc. 
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^■73. A plane mln-or half the height of an oliject gives 
^Bi image which embraces the whole height. This ia readily 
deduced from what haa gone before. 

74. If a plane mirror be caused to move parallel with 
itseli^ the motion of an image in the mirror moves with 
twice its rapidity. 

75. The same is true of a rotating mii-ror: when a 
plane mirror ifl caused to rotate, the angle described by 
the image is twice that described by the mirror. 

76. In a mirror inclined at an angle of 45 dogreos to 
the horizon, the image of an erect object appears hori- 
zontal, while the image of a horizontal object appears 
erect. 

77. An object placed between two mirrors enclosing 
an angle yields a number of images depending upon tlie 
angle enclosed by the miiTors. The smaller the angle, the 
greater is the number of images. To find the number of 
images, divide 360° by the number of degrees in the angle 
enclosed by the two mirrors, the quotient, if a whole 
rnunber, will be the number of images, plus one, or it will 
include the images and the object. The construction of 
the kaleidoscope depends on this. 

78. When the angle becomes — in other words, when 
the mirrors are parallel — the number of images is infinite. 
Practically, however, we see between parallel mirrors a 
long BuccesRion of images, which become gradually feebler, 
and finally cease to be sensible to the eye. 

R^ectionfrom Ourved Surfaces : Concave Mirrors. 

79. It has been already stated and illustrated that light 
moves m straight lines, which receive the name of raya. 
Such rays maybe eitherdivergent, parallel, or convergent. 

80. Rays issuing from terrestrial points are necessarily 
rgent. Rays from the sun or stars are, in consequence 





ets, sensibly par- 
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of the immeiLse distancea of th 
alleL 

81. By suitably reflecting them, we can render tbt 
rays from terrestrial Bouroes either parallel or convergeat. 
This is done by means of concave mirrors. 

82, In ita reflection from such mirrors, light obeys t^ 
law already enunciated for plane mirrors. The angle of 
incidence is equal to the angle of reflection. 




88. Let MN be a very amall portion of the circam- 

ference of a circle with ita centre at O, Let the line ate, 
paaaing tlirough the centre, cut the arc M N into two equal 
parts at a. Then imagine the curve MN twirled round 
aie as a fixed axis; the curve would describe part of a 
spherical surface. Suppose the surface turned toward x to 
be silvered over, we should then have a concave spberioajl 
reflector; and we have now to understand the aotjon of ' 
this reflector upon light. 

84, The line ax\& the principal axis of the mirror. 

85, All rays from a point placed at the centre O strike 
the surface of the mirror as perpendiculars, and after re- 
flection return to O, 

86, A luminous point placed on the axis beyond O, Bay 



iit X, throws a divergent cone of rays upon the mirror. 
These rays are rendered convergent on reflection, and they 
intersect each other at some point on the axis between tlie 
centre O and the mirror. In every case the direct and the 
reflected rays (xm and mx' for example) enclose equal 
angles with the radius (O m) drawn to the point of inci- 
dence. 

87. Supposing x to bo exceedingly distant, say as Car 
away as the sun from the small mirror — or, more cor- 
rectly, supposing it to be infinUehj distant — then the rays 
felling upon the mirror will be parallel. After reflection 
Buch rays intei-sect each other, at apoint midway ietween 
the jjtirror and its centre. 

88, This point, which is marked F in the figure, is the 
principal focus of the mirror ; that is to say, the principal 
focus ia the focus of parallel rays. 

8B. The distance between the surface of the mirror and 
its principal focus is called the ybca? distance. 

80. In optics, the position of an object and of its image 
are always exchangeable. If a luminous point be placed 
in the principal focus, the rays from it will, after reflection, 
be parallel. If the point be placed anywhere between the 
principal focus and the centre O, the rays after refleciion 
will cut the axis at some point beyond the centre. 

91. K tho point bo placed between the principal focus 
F and tho mirror, the rays after reflection will be divergent 
— they will not intersect at all — there will be no re«/ focus. 

92. But if tliese divergent rays be produced backward, 
they will intersect behind the mirror, and form there what 

S called a virtual, or imaginary focus. 

Before proceeding further, it is necessary tiiat these 
pie details should be thoroughly mastered. Given the 
tioa of a point in the axis of a concave mirror, no dif- 
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ficuljy rau3t be experienced in Ending tbe position of the 
image of that point, nor in determining whether the focus 
is virtual or real. 

93. It will thna become evident that, while a point 
moves from an infinite distance to the centre of a ephorical 
mirror, the image of that point moves only over the dia- 
tance between tbe principal focua and the centre. Con- 
versely, it will be seen that during the passage of a Inmi- 
DOUB point from the centre to the principal focus, the 
image of the poiut moves from the centre to an infinite 
distance. 

94. The point and its image occupy what are called 
conjugate foci If the last note be understood, it will ba 
seen that the conjugate foci move in opposite directions, 
and that they coincide at the centre of the mirror. 

95. If instead of a point an object of sensible dimen- 
sions bo placed beyond the centre of tbe mirror, an in- 
verted image of the object diminished in size will be 
formed between the centre and the principal focus, 

96. If tbe object be placed between tbe centre and the 
principal focus, an inverted and magnijied image of the 
object will be formed beyond the centre. Tiie positions 
of tbe image and its object are, it will be remembered, 
convertible. 

97. In the two cases mentioned in 95 and 06 tbe image. 
is formed in the air in front of the mirror. It is a real 
imago. But if the object be placed between the principal 
focus and the mirror, an erect and magnified image of the 
object is seen behind the mirror. The image is here virtuaL 
The rays enter the eye as ly they came from an object be- 
hind the mirror. 

98. It is plain that the images seen in a common look- 
ing-glass are all virtual images. 

99. It is now to be noted that what has been here 
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Stated regarding the gatlieiing of rays to a aingle fooua 
by a spherical mirror is only true when the mirror forma 
a small fraction of the sphericnl surface. Even then it is 
only practically, not strictly and theoretically, trne. 

Caustics hy Hefleclion (^Catacaustics). 

100. When a large fraction of the Hpherical surface is 
employed as a mirror, the rays are not all collected to a 
point; their interijectiouH, on the contrary, foiTa a lumi- 
nous surface, wbicli in optics ia called a cauetia (German, 
Brennflache). 

101. The interior surface of a common drinking-glass 
is a curved reflector. Let the glass be nearly filled with 
milk, and a lighted candle placed bcsiile it; a oaustio 
cnrve will be drawn upon the surface of the millf . A 
oarefiilly-bent hoop, silvered within, also showa the caustic 
very beautifully. The focus of a spherical mii-ror is the 
cusp of its caustic. 

102. Aberration. — The deviation of any ray from this 
coBp is called tho aberration of the ray. The inability of 
a spherical rairror to collect all the raya falling upon it 
to a single point is called the spherical aberralion of the 
mirror, 

103. Real images, as already stated, are formed in the 
air in front of a concave mirror, and they may bo seen 
in the air by an eye placed among the divergent rays be- 
yond the image. If an opaque screen, say of thick paper, 
intersect the image, it is projected on the screen and is 
seeu in cdl poiitioiis by an eye placed in front of the screen. 
If the screen bo semi-transparent, say of ground glass or 
tracing-paper, the image is bccb by an eye placed either in 
front of the screen or behind it. The images in phantas- 

^^nagoria are thus formed 

^^L Concave spherical surtacca are usually employed as 
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bnming-mirrors. By coadcnsmg the Btinbeama with a 
mirror 3 feet in diameter and of 2 feet focal distance, very 
powerful effects may be obtained. At the focus, water ie 
rapidly boiled, and combustible bodies are immediately 
set on fire. Thick paper bursts into flame with explosive 
violence, and a plank is pierced as with a hot iron. 

Convex Mirrors. 

104. In the case of a convex spherical mirror the posi- 
tions of its foci and of its images are found as in the case 
of a concave mirror. But all the foci and all the images 
of a convex mirror are virtual. 

105. Thus to find the principal focus you draw parallel 
rays which, on reflection, enclose angles with the radii 
equal to those enclosed by the direct rays. The reflected 
rays are here divergent; but on being produced back- 
ward, they intersect at the principal focus hehijtd the 
mirror. 

106. The drawing of two lines suffices to fix the pom- 
lion of the image of any point of an object either in con- 
cave or convex spherical mirrors. A ray drawn from the 
point throngh the centre of the mirror will be reflected 
throngh the centre; a ray drawn parallel to the axis of 
the mirror will, after reflection, pass, or its production 
will pass, throngh the principal focus. Tiie intersection 
of these two reflected rays determines the position of the 
image of the point. Applying this construction to objects 
of sensible magnitude, it follows that the image of an 
object in a convex mirror is always erect and diminished. 

107. If the mirror be ^araio^ic instead of spherical, all ■ 
parallel rays falling upon the mirror are collected to a 
point at its focus ; conversely, a luminous point placed at 
the focus sends forth parallel rays: there is no aberration. 
If the mirror be elliptical, all rays emitted from one of ths 
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foci of the ellipsoid nre collocted together at the other. 
Parabolic reflectors are employed in light-houses, -where 
it ia an object to send a powerful beam, conaistiiig of rays 
as nearly as possible parallel, far out to sea. In this case 
the centre of the flame is placed in the focus of the mirror ■ 
but, inasmuch as the flame is of sensible magnitude, and 
not a mere point, the rays of the reflected beam are not 
accurately parallel. 

77(6 Jiefraction of Light {Dioptrics), 

108. Wo have hitherto confined oar attention to the 
portion of a beam of light which rebounds from the re- 
flecting surface. But, in general, a. portion of the beam 
also enters the reflecting Bubstanoe, being rapidly qttonched 
when the substance ia opaque (see note 11), and freely 
transmitted when the substanco ia transparent. 

109. Thus in the case of water, mentioned in note 60, 
when the incidence is perpendicular all the rays are trans- 
mitted, save the 18 referred to as being reflected. That 
is to say, 983 out of every 1,000 rays enter the water and 
pass through it. 

110. So likewise in the case of mercury, mentioned in 
the same note; 334 out of every 1,000 rays falling on the 
mercury at a perpendicular incidence, enter the metal and 
are quenched at a minute depth beneath its surface. 

We have now to consider that portion of the Imninoua 
beam which enters the reflecting substance ; taking, as an 
illustrative case, the passage from air into water. 

111. If the beam fall upon the water as a pei-pendicn- 
lar, it pursues a straight course through the water : if the 
incidence be oblique, the direction of the beam is changed 
at the point where it enters the water. 
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112. This bending of tbo beam is called refractio 
Its amount ia different in differcDt eubatances. 




113. The refraction of light obeys a perfectly rig^d 
law which mast be clearly understood. Let A B C D, Fig. 
2, be the section of a cylindrical vessel which ia half filled 
with water, its surface being AC. E ia the centre of the 
circular section of the cylinder, and B D is a perpendicnlar 
to the surface at E. Let the cylindrical envelope of the 
vessel be opaque, say of brass or tin, and let an aperture 
be imagined in it at B, through which a narrow light- 
beam paeaea to the point E, The beam will pursue ei 
straight course to D without turning to the right or to the 
left. 

114. Let the aperture be imagined at m, the beam 
striking the surface of the water at E obUqtiely. Ita course 
on entering the liquid will be changed ; it will puraue the 
track E n. 

116. Draw the line m o perpendicular to ED, and also 
the line np perpendicular to the same B D, It is alwaya 
found that m o divided by m^ is a cotistant quantity, 
matter what may be the angle at which the ray enters the 
water. 



116. The angle marked x above the Hurface is called 
ihe angle of incidence; the angle at y below the surface 
is called the angle of refraction ; and if we regard the 
radius of the circle A B C D as unity or 1, the line »i o 
will be the sine of the angle of incidence ; while the line 
np will be the ai'ne of the angle of refraction. 

117. Hence the iU-important optical law^ — The sine of 
,(Ac flnjffo of incidence divided by the sine of the angle of 
refraction is a constant quantity. However these angles 
may vary in size, this bond of relationship is never severed, 
If one of them be lessened or angmented, the other must 
diminish or increase so as to obey this law. Thus if the 
incidence be along tlie dotted line m' E, the refraction will 
be along the line E n', but the ratio of m' o' to it' p' will 
be precisely the same as that of »i o to np, 

118. The constant quantity hero referred to is called 
the index of refraction, 

110. One word more is necessary to the full compre- 
bension of the term sine, and of the experimental demon- 
stration of the law of refraction. When one number is 
divided by another the quotient is called tbe ratio of the 
one number to the other. Thus 1 divided by 2 is ^, and 
this is the ratio of 1 to 2. Thus also 2 divided by 1 is 2, and 
tliis is the ratio of 2 to 1. In like manner 12 divided by 
3 is 4, and this is the ratio of 12 to 3. Conversely, 3 di- 
vided by 12 is J, and this is the ratio of 3 to 12. 

120. In a right-angled triangle the ratio of any side 
to the hypotbenuse is found by dividing that side by tho 
hypothcimse. This ratio is the sine oft/ie angle opposite 
to the side, however large or small tho triangle may be. 
Thus in Fig, 2 the sine of the angle x in tbe right-angled 
triangle E o »t is really tbe ratio of the line o m to the 
hypothenuae E my it would bo expressed in a fractional 



form thus, 



the ratio 
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of the line np to the hypothenuse E n, and would "be ex- 
pressed in a fractional form thus, =^. These fractions are 

the sines of the respective angles, -whatever be the length 
of the line E m or E n. In the particular ease above re- 
ferred to, where these lines are considered as nnitB, tha 

fractions — — and — — , or in other words m o and np, be- 
come, as Btatcd, the sines of the respective angles. Wo 
are now prepared to understand a simple but rigid dem- 
onstration of the law of refraction. 
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121. Mli J K is a cell with parallel glass sides and one 
opaque end BI L. The light of a candle placed at A fallfl 
into the vessel, the end ML casting a shadow wMoh 
reaches to tlie point E. FiU the vessel with wateiv-the 
shadow retreats to H through the refraction of the light 
at the point where it enters the water. 

122. The angle enclosed between ME and ML is eqoal 
' to the angle of incidence x, and, in accordance with the 

defiiution given in 120, ^-= is its sine ; while =-=^ is the 

sine of the angle of refraction ij. All these lines can be 



either measur<;d or calculated. If tkey be thus determined, 
Knd ifthedivbionbeactaallymade, it will always bo found 



LE 



that the two quotients ^-i-= and pj -stand in a constant 



ratio to each other, whatever the angle may be at which 
the light from A Btrikea the snrface of the liquid. This 

a the case of water is — , or, expressed in decimals, 



ratio u 
1.333.* 

123. When the light passes from air into water, the 
refracted ray is bent toward the perpendicular. This is 
generally, but not always, the case when the light passes 
from a rarer to a denser medium. 

124. The principle of reversibility which runs through 
the whole of optica finds illustration here. MTien the ray 
passes from water to air it is hent from the perpendicular: 
it accurately reycrses its course. 

125. If instead of water we employed vinegar the ratio 
wonld be 1.344 ; with brandy it would be 1.360 ; with rec- 
tified spirit of wine 1,372 ; with oil of almonds or with 
olive oil 1.4V0; with spirit of turpentine 1.005; with oil of 
aoiaeseed 1,538; with oil of bitter almonds 1,471 ; with 
bisnlphide of carbon 1.678 ; with phosphorus 2.24, 

126. These nnmbers express the indices of refraction 
of the various substances mentioned ; all of them refract 
the light more powerfully than water, and it is worthy of 
remark that, all of them, except vinegar, are comhitstibU 
enbstancGS. 

127. It was the observation on the part of Newton, 
that, having regard to their density, "unctuous bu1> 
stances" as a general rule refracted light powerfully, 
coupled with the fact that the index of refraction of the 
di&mond reached, according to his measurements, so high 

• More accurHflj, 1.38(1. 





a figure a.B 2.430, tlint caused him to foresee tliG poseiblo 
combuBtible natiire of the diamond. The bold prophecy 
of Newton* has been fulfiUecI, the combustion of a dia- 
mond being one of the commonest esperiments of modem 
chemistry. 

128, It is here worth noting that the refraction by 
spirit of turpentine is greater than that by water, though 
the density of the spirit is to that of the water as 8V4 is to 
1,000. A ray passing obliquely from the spirit of tnrpea 
tine into water is bent from, the perpendicular, though it 
passes from a rarer to a denser medium ; while a ray pasft- 
ing from water into the spirit of turpentine is bent totoaifA 
the perpendicular, though it passes from a denser to a 
rarer medium. Hence the necessity for the words " not 
always" employed in 123. 

129, K a ray of light pass through a refracting plate 
with parallel surfaces, or through any number of plates 
with parallel surfaces, on regaining the raediimi from 
which it started, its original direction ia restored. This 
follows from the principle of reversibility already re- 
ferred to. 

130, In passing through a refracting body, or through 
any number of refracting bodies, the light accomplishes itB 
transit in the ndnimum of time. That is to say, given the 
velocity of light in the various media, the path chosen ty 
the ray, or, in other words, the path which its refraction 
imposes ijpon the ray, enaViles it to perform its journey in 
the most rapid manner possible. 

131, Refraction always causcB water to appear shal- 
lower, or a transparent plate of any kind thinner, than it 

■ " Car ce grand hoinine, qui mettait la plus graode sireritfi drma acs 
elpirienoee, ct la plus giande nSscrre dons Bes roiijcctares, nli^ait^ 
coiisdiiiicnceB d'ono vSritS aossi loin qu'elle pouv^ 
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really is. Tlie lifting up of tbc lower surface of a glaaa 
cube, through this cause, is very reBiarkable, 

132. To imderstand why the water appears shaUower, 
fix your attention on a point at its bottom, aud Bupposo 
the lino of vision from that point to the eye to be perpen- 
dicular to the Borface of the water. Of all rays isaaing 
from the point, the perpcndicnlar one alone reaches the eye 
without refraction. Those close to the perpendicular, on 
emerging from the water, have their divergonoc augmented 
by refraction. Producing tlieae divergent rays backward, 
they intersect at a point above the real bottom, and at this 
point the bottom will be seen, 

133. The apparent shallowness is augmented by looking 
obliquely into the water, 

13-1. In consequence of this apparent rise of the bottom, 
a straight Btick thrust into the water is bent at the surface 
from, the perpendicular. 

Note the difference between the deportment of the stick 
' of a luminous beam. The beam on entering the water 
"bent toward the perpendicular. 

135. This apparent lifting of the bottom when water ia 
poured into a basin brings into sigbt an object at the bot- 
tom of the basin which is unseen when the basin ia empty. 

Opacity of lyansparent Mixtures. 

136. Reflection always accompanies refraction ; and if 
le of these disappear, the otbcr will disappear aleo. A 

eolid body immersed in a liquid having the same refractive 
indes as the solid, vanishes ; it is no more seen than a por- 
tion of the liquid itself of the same size would be seen. 

137. But in the passage from one medium to another 
of a different refractive index, light is always reflected; 
and this reflection may be so often repeated as to render 

mixture of two transparent siibstances practically 
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pcrriouB to light. It is tbe frequency of tlie reflectione at 
tiie limiting BurfaccB of air and water that renders foam 
opaque. The blackest clouds owe their gloom to this re- 
peated reflection, which diminishes their transmitted light. 
Hence also their whiteness by re;?t'c(e(? light. To a similar 
oauBc is due the whitenesB and imperviousnesB of common 
ealt, and of transparent bodies generally when crashed to 
powder. The individual particles transmit light freely: 
but the reflections at their aurfacea are bo numerous that 
the light is wasted in echoes before it can reach to any 
depth in the powder, 

138. Tbe whiteness and opacity of writing-paper are 
duG mainly to the same cause. It ia a web of transparent 
fibres, not in optical contact, which intercept the light by 
repeatedly reflecting it. 

139. But if the interstices of the fibres be filled by k 
body of tho same refractive index aa the fibres themselvea, 
the reflection at their limiting BurfaccB is destroyed, and 
the paper is rendered transparent. This is the philosophy 
of the tracing-papor used by engineers. It ia Gatnrated 
with some tiiid of oil, the lines of maps and drawings 
being easily copied through it afterward. Water j 
menta tbe transparency of paper, as it darkens a white 
towel ; but its refractive index ia too low to confer on 
either any high degree of transparency. It, howeyep, 
renders certain minerals, which are opaque when dry, 
translncent. 

140. The higher the refractive index the more copious 
is the reflection. The refractive index of water, for ex- 
ample, is 1.336 ; that of glass is 1.5. Hence the diflferent 
quantities of light i-eflected by water and glass at a per- 
pendicular incidence, as mentioned in note 00, It is ita 
enormons refractive strength that confers such brilliaaoy 
upon the diamond. 
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Gead notes 123 and 12i ; then continue here. 

141. When the angle of incidence from air into water 
IS nearly 90'', that is to say, when the ray before entering 
the water just grazes its surface, the angle of refraction is 
484°. Conversely, when a ray passiug from water into air 
Btrikea the Burface at an angle of 485-'*, it will, on its cmeiv 
gence, jnst graze the surface of the water, 

142. If the angle which the ray in water eucloBea mth 
the perpendicular to the surface be greater than 4BJ°, the 
ray will not quit the water at all : it will be totally reflected 
at the surface. 

143. The angle which marks the limit where total^o 
flection begins ia called the Umiting angle of the medium. 
For water this angle ia 48" 21', for flint glass it is 38° 41', 
while for diamond it is 23° 42'. 

144. Realize clearly that a bnndle of light rays filling 
an angular space of 90° before they enter the water, are 
sqncozed into an angular space of 48° 27' within the water, 
and that in the case of diamond the condensation is from 
90° to 23° 42'. 

145. To an eye in still water its margin must appear 
lifted up. A fiah, for example, sees objects, aa it were, 
through a circular aperture of about 07° (twice 47° 27') in 
diameter overhead All objects down to the horizon will 
be visible in this space, and those near the horizon will be 
much distorted and contracted in dimensions, especially in 
height. Beyond the limits of this circle will be seen the 
bottom of the water totally reflected, and therefore de- 
picted as vividly as if seen by direct vision.* 

HO. A similar effect, exerted by the atmosphere (when 

^^^^^^ * Eir Johu IIcrsohcL M 
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no clouds cross the orbs), gives the sua and moon at nsiag 
and setting a eliglitlj Jlattened appearance, 

147. Mxperimciitai Jllustrationii. — Place a sMlliiig iu & 
drinking-glasa ; cover it with water to about the depth of 
an inch, and tilt the glass so as to obtain the necessary 
obliquity of iiieiJeQce at the surface. Looking upward 
toward the surface, the image of the shilling will be seHi; 
shining there, and, as the reflection is total, the image wilL 
be as bright as the shilling itsel£ A spoon snitablv 
dipped into the glass also yields an image due to total re* 
flection. 

148. Thrust the closed end of an empty test-tube into 
a glass of water. Incline the tube, until the horizontal 
light falling upon it shall be totally reflected upward.- 
When looked down upon, the tube appears shining liko 
burnished silver. Pour a little water into the tube : astba 
liquid rises, it abolishes total reflection, and with it the 
lustre, leaving a gradually diimnishing lustrous zone, which 
disappears wholly when the level of the water within riaea 
to, or above, that of the water without. A tube of any 
kind stopped water-tight will answer for this experiment, 
which is both beautiful and instructive. 

149. If a ray of l^ht fall as a perpendicular on tho 
side of a right-angled isosceles glass prism, it will entra 
the glass and strike the hypothenuse at an angle of 45°. 
This exceeds the limiting angle of glass ; the ray will 
therefore be totally reflected; and, in accordance with the 
law mentioned in note 54, the direct and reflected raya 
will be at right angles to each other. When such a change 
of direction is required in optical instruments, a right- 
angled isosceles prism is usually employed. 

150. When the ray enters the prism parallel to tha 
hypothenuee, it will be refracted, and will strike the hy- 
pothenuse at an angle greater than the limiting angle. It 



will, tlierefore, be Lotally reflecteil. If tlie object, instead 
of being a, point, be of seuaible magnitude, the rays from 
its estremlties will croxs each other within the prism, and 
hence the object will appear inverted when looked at 
through the prism. Dovehas applied the "reversion prism" 
to render erect the inverted images of the astronomical 



151. The mirage of the desert and various other phan- 
tasmal appearances in the atmosphere are, in part, due to 
total reflection. When the sun heats an espanso of sand, 
tlie layer of air in contact with the sand becomes lighter 
Ihati the superincumbent air, Tfifi rays from a distant 
object, a tree for example, striking very obliqnely upon 
the upper surface of this layer, may be totally reflected, 
thus showing images similar to those produced by a Bur- 
taco of water. The thirsty soldiers of the French army 
were tantalized by such api>earances in Egypt, 

152, Gases, liko liquids and solids, can re&act and re- 
flect light; but, in consequence of the lowness of their 
refractive indices, both reflection and refraction are feeble. 
Still, atmospheric refraction has to be taken into account 
by the astronomer, and by those engaged in trigonomet- 
ricai surveys. The refraction of the atmosphere causea 
the sun to be seen before it actually rises, and after it act- 
ually sets. 

Ifi3, The quivering of objects seen through air rising 
over a heated surface is due to irregular refraction, which 
incessantly shifts the directions of the rays of light, 
la the air tins shifting of the rays ia never entirely 
absent, and it is often a source of grievous annoyance 
to the astronomer who needs a homogeneous atmos- 
phere. 

1S4. The flame of a candle or of a gas-lamp, and the 
oolnmn of heated air above the flame ; the air rising from 
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a red-Lot iron ; tlie pouring of a heavy gas, Buch as car- 
bonic acid, downward into air; aud the issue of a lightei- 
one, Buch as hydrogen, upward — may all be made to 
reveal themselves by their action upon a sufficiently in- 
tense light. The transparent gases intei-posed between 
such a light and a white screen are seen to rise like smokff 
upon the screen through the effects of refraction. 

Zenses. 

155. A lens in optics is a portion of a refracKng sub- 
, stance, such as glass, which is bounded by curved 

faces. If the surface be spherical, the lens is called w 
Bpherical lens. 

156. Lenses divide themselves into two classes, one 
which renders parallel rays convergent, the other of which 
renders such rays divergent. Each class comprises three 
kinds of lenses, which are named as follows 

Converging JLenses. 

1, Double convex, with both surfaces 

2, Plano-convox, with one surface plane and the othec^ 
convex, 

3, Concavo-convex (Meniscus), with a concave and; 
a convex surface, tlie convex surface being the mos6 
Btrongly curved. 

Diverging Lenses. 

1. Double concave, witJi both surfaces concave. 

2. Plano-concave, with one surface plane and 
other concave. 

3. Convexo-concave, with a convex and a concave, 
surface, the concave surface being the moat strongly 
curved. 



15'/. A straight line drawn tbrongh the centre of the 
lena, and perpGndicnlar to its two convex surfaces, is the 
principal axis of the 1cd9. 

158. A iuminouH heam falling on a convex lens parallel 
to the axis, has its constitnont rays brought to intersec' 
tion at a point in the axis behind the lens. This point ie 
the principal focus of the lens. As before, the principal 
focus is the focus of parallel rays. 

159. The rays from a luminous point placed beyond 
the focus intersect at the opposite side of the lens, an 
image of the point being formed at the place of intersec- 
tion. As the point approaches the principal focns its 
image retreats from it, and when the point actually 
reaches the principal focus, its image is at an infinite 
distance. 

160. If th(! principal focus be passed, and the point 
come between that focus and the lens, the rays after pass- 
ing through the lens will be still divergent. Prodncing 
them backward, they will Intersect on that side of the 
lens on whicl] stands the luminous point. The focus hero 
is virtual, A body of sensible magnitude placed between 
the focus and the lens would have a virtual image. 

161. When an object of sensible dimensions is placed 
anywhere beyond the principal focus, a real image of the 
object wilt be formed in the air behind the lens. The 
image may be either greater or less than the object in size, 
but the imago will always be inverted. 

163, The positions of the image and the object arc, as 
before, convertible. 

163. In the case of concave lenses the images are al- 
ways virtual. 

164. A spherical lens is incompetent to bring all the 

I that fall upon it to the same focus, Tlie rays ■which 
through the lens near its circumference are more 
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rGfracted than llioBC which paas through the central poiy 
tionn, and they intersect earlier. Where perfect definition 
is required it is therefore usual, though at the expense of 
illumination, to make use of the central rays only. 

165. Thia difFerenca of focal distance between the cett 
tral and circumferential rays is called the spherical cAemt- 
lion of the lens. A lens ao curved as to bring all rays to 
the same foens ia called aplanatic ; a spherical lens canuoS. 
be rendered aplanatic. 

166. As in the case of spherical mirrors, spherical lensea 
have their caustic cnrvea and surfecea {diaeauBtJoa) formed 
by the intersection of the refracted rays. 

Vision and the Eye.^ 

167. Tlje human eye is a compound lena, conaistin^ 
of three principal parts : the aqueous humor, the cry^tA^ 
line lens, and the vitreous humor. 

168. The aqueous humor ia held in front of the eye by 
the cornea, a transparent, homy capanle, resembling a- 
watch-glass in shape. Behind the aqucoua humor, and 
immediately in front of the crystalline lens, is the iris, 
wliich surrounds the pvpiL Then follow the lens f 
the vitreous humor, which last constitutes the main body 
of the eye. The average diameter of the linman eye u 
10.9 linos.* 

169. When the oplio nerve enters the oye from behind, 
it divides into a series of filaments, which are woven to- 
gether to form the retina, a delicate net-work spread as a 
screen at the back of the eye. The retina rests npon k 
black pigment, which reduces to a minimum all internal 
reflection, 

170. By means of the iris the size of the pupil may iM 
caused to vary within certain limita. When the light ji 

■ A line is ,', th of an inch. 
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feeble the pupil (.■xpaiids, when it ia iutense the pupil con- 
tracts; thus the quantity of light admitteil into the eye 
IB, to some extent, regulated. The pnpil also diminishes 
when the eye is fixed npon n near object, nod expands 
when it is fixed upon a distant one. 

171. The pupil appears black; partly because of the 
internal blaek coating, but mainly for another reason. 
Could we illuminate the retina, and see at the same time 
the illuminated spot, the pupil would apt>ear bright. But 
the principle of reversibility, so often spoken o^ comes 
into play here. The light of the illuminated spot in re- 
turning outward retraces its steps, and tinally falls upon 
the source of illumination. Hence, to receive the return- 
ing rays, the observer's eye ought to be placed between 
the source and the retina. But in this position it would 
cut off the illumination. If the light be thrown into the 
eye by a mirror pierced with a small orifice, or with a 
email portion of the silvering removed, then the eye of 
the observer placed behind the mirror, and looking through 
the orifice, may see the illuminated retina. The pupil 
under these eircumstauces glows like a live coal. This is 
the principle of the Op/Uhahnoscope (Augenspiegel, Ilelm- 
holtz), an instrument by which the interior of the eye 
may be scanned, and its condition in health or disease 
noted. 

173, In the case of albboa, or of white rabbits, the 
black pigment is absent, and the pupU ia seen red by light 
which passes through the iderotica, or white of the eye. 
When this light ia cut off, the pupil of an albino appears 
black. In some animals the black pigment is displaced 
by a retleeting membrane, the tapetum. It is the light 
reflected from the tapetum which causes a cat's eye to 
shine in partial darkness. The light in this case is not 
internal, for when the darkness is t,otal the rat's eyes do 
not shine. 
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173. In the camera obBcura of the photographer the 
images of external objects formed by a convex lens ars 
received upon a plate of ground glass, the lena being 
pushed in or out until the image upon the glass ia sharply 
defined. 

174. The eye is a camera obscnra, with its refraoting^ 
lenses, the retina playing the part of the plate of groond- 
glass in the ordinary camera. For perfectly distinct 
vision it is necessary that the image upon the retina sboold' 
be perfectly defined ; in other words, that the rays from 
every point of tlie object looked at should be converged 
to & point upon the retina. 

175. The image upon the retina is inverted. 

Adjustment of the Eye : Use of Spectacles. 

176. If the letters of a boolcheld at some distance from 
the eye be looked at throagh a gauze veil placed nearw 
the eye, it will be found that when the letters are seen 
distinctly, the veil is seen indistinctly; conversely, if tha 
veil be seen distinctly, the letters will be seen indistinct- 
ly. This demonstrates that the images of objects at dif- 
ferent distances from the eye cannot be defined at the same 
time upon the retina. 

177. Were the eye a rigid mass, like a glass lens, in- 
capable of change of form, distinct vision would only bG 
possible at one particular distance. We know, however, . 
that the eye posaesscs a power of acljuatment for different 
distances. This adjustment is effected, uot by pushing 
the front of the cyo backward or forward, but by ohan- 
ging the curvature of the crystalline lens. 

17B. The imago of a candle reflected from the forward 
or backward surface of the lens is aeon to diminish when' 
the eye changes irom distant to near ^'ision, thus proving 
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the curvature of tho lens to be greater for near tlian foi 
distant vision. 

179. The principal refraction endured by raya of Hglit 
ill crossing the eye occurs at the surfiice of the cornea, 
wliere the passage is from air to a much denser medium. 
The refraction at tlie cornea alone would cause the rays 
to intersect at a point nearly half an inch behind the 
retina. The convergence is augmented by the crystalline 
lens, whieh brings tlie point of intersection forward to the 
retina itself, 

380. A line drawn through the centre of tiio cornea 
and tho centre of the whole eye to the retina is called tiie 
axis of the eye. The length of the axis, even in youth, is 
Bometimes too small ; in other words, the retina is some- 
times too near the cornea ; so that tho refracting part of 
the organ is unable to converge the rays from a limiinous 
point BO aa to bring them to a point npou the retina. In 
old age also the refracting surfaces of the eye are slightly 
fiattened, and thus rendered incompetent to refract the 
rays sufficiently. In both these cases tlie image would be 
formed behind the retina, instead of upon it, and hence the 
vision is indistinct. 

181. The defect is remedied by holding the object at a 
distance from the eye, bo as to lessen the divergence of its 
raya, or by placing in iront of the eye a convex lens, which 
helps the eye to produce the necessary convergence. This 
is the use of spectacles. 

182, The eye is also sometimes too long in tho direc- 
tion of the as^s, or the curvature of the refracting surfaces 
may be too great. In cither case the rays entering the 
pupi! are converged so as to intersect before reaching the 
retina. This defect is remedied either by holding tho object 
very close to tho eye, so as to augment the divergence 
its rays, thus throwing back the point of intersection 
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by placing in front of tlie eye a concave lena, which pro- 
duces the neccBsary divergence. 

183, The eye is not adjusted at the same time for 
equally- distant horizontal and vertical objects. The dis- 
tance of distinct vision is greater for hoiizontal lines than 
for vertical ones. Draw with infe two lines at right angles 
to each other, tho one vertical, the other horizontal : see 
one of thorn distinctly black and sharp ; the other appears 
indistinct, aa if drawn in lighter ink. Adjust the eye for 
this latter line, the former will then appear indistinct. 
This difference in the curvature of the eye iu two direc- 
tions may sometimes become so great aa to render the 
application of cylindrical lenses necessary for its correo- 

The Punctum Owcum. 

184, The spot where the optic nerve enters the eye, and 
from which it ramifies to form the net-work of the retina, 
is insensible to the action of light. An object whose image 
falls upon that spot ia not seen. Tho image of a clock- 
face, of a human head, of the moon, may be caused to &11 
upon this " blind spot," and when this is the case the object 
is not visible. 

185, To ill ast rate this point, proceed thus; Lay two 
white wafers on black paper, or two black ones on white 
paper, with an interval of 3 inches between them. Bring 
the right eye at a height of 10 or 11 inches exactly over 
the left-hand wafer, so that the line joining the two eyes 
shall bo parallel to the line joining the two wafers. Clo^ng 
the loft eye, and looting steadily with the right at the 
left-hand wafer, the right-hand one ceases to be visible. 
In this position the image falls upon the " blind spot" of 
the right eye. If the eye be turned in the least degree to 
the right or left, or if the distance between it and the paper 




be augmented or diminished, the wafer is immediately 
seen. PreserviDg these proportious as to size ainl distance, 
ohjects of far greater dimensions than the wafer may liave 
their images thrown upon the blind spot, and be ohliter- 
^ Oted. 
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i6. An impression of light once made upon tlie retina 
does not Gubside instantaneously. An electric spark ib 
sensibly instantaneous ; hut the impression it makes upon 
the eye remains for some time after the spark has passed 
pway. This interval of persistence varies with diflerent 
persons, and amounts to a sensible fraction of a second. 

187. If, therefore, a succession of sparks follow each 
other at intervals less than the time which the impression 
endu th J arate impressions will unite to form a con- 

\\ tin w h ht If a luminous point be caused to describe 
^^k cir 1 m 1 th n this interval, the circle will appear as 
^^B ntma I ed curve. From this cause, also, the 

^^pok 8 f a p dly-rotating wheel blend together to a 
I Bhadowy surface. Wheatstonc's Photometer is' based on 
this persistence. It also explains the action of those instru- 
ments in which a series of objects in different positions 
being brought in rapid succession before the eye, the ira- 
presBion of motion is produced, 

188. A jet of water descending from an orifice in the 
bottom of a vessel exhibits two distijict parts ; a tranquil 
pellucid portion near the orifice, and a turhld or untranquil 
portion lower down. Both parts of the jet appear equally 
continaouB. But when the jet in a dark room is illumi- 
nated by an electric spark, all the tnrbid portion reveals 
itself as a string of separate drops standing perfectly stilL 

^^[t is their quick succession that produces the impression 
^B^ continuity. The most rapid cannon-ball, illuminated by 
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B flash of lightning, would be eeen for 
second perfectly molionlesa in the air. 

180, The eye ib hj no means a perfect optical inetra- 
ment. It Buffers from spherical aljerratioD ; a scattered 
luminosity, more or leas strong, always Burronnding the 
defined images of luminona objects npon the retina. By 
this luminosity the image of the object is sensibly increased 
it with ordinary illumination the scattered light 
ia too feeble to be noticed. When, however, bodies ar« 
intensely illuminated, more especially when the bodies are 
small, BO that a slight extension of their images upon the 
retina becomes noticeable, such bodies appear lai^er than 
they really are. Thus, a platinum-wire raised to whiteness 
by a voltaic current has its apparent diameter cnoi-moosly 
increased. Thus also the crescent moon seems to belong 
to a larger sphere than the dimmer mass of the satellite 
which it partially clasps. Tims also, at considerable dis- 
tancca, the parallel flashes sent from a number of separate 
lamps and reflectors in a light-house encroach upon each 
other, and blend together to a single flash. The white- 
hot partiflea of carbon in a flame describe lines of light, 
because of their rapid upward motion. These lines are 
mdened to the eye ; and thus a far greater apparent ao- 
Udity is imparted to the flame than in reality belongs to it, 

189a. This augmentation of the tme size of the optical 
image is called Irradiation. 

Hodies seen within the Eye, 
190, Almost every eye contains bodies more or less 
opaqne distributed through its humors, Tlie so-called 
? VOlUantes are of this character ; bo are the black 
dots, snako-like lines, beads, and rings, which are atriMngly 
visible in many eyea. Were the area of the pupil con 
tracted to a point, auch bodies might produce considerable 
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annoyance ; but because of the widlb of the jmpil the 
shadows which these amall bodies would othcrwiae cast 
apon the retina arc practically obliterated, escept when 
they are very close to the back of the eye.* It is only 
necessary to look at the firmament through a pinhole to 
give these shadows greater defiuition upon the retina. 

191. The veins and arteries of the retina itself also cast 
their shadows upon its posterior suVface; but the shaded 
spaces soon become so sensitive to light as to compensate 
for iho defect of light tilling upon them. Hence under 
ordinary circomstances the shadows are not seen. But if 
the shadows bo transported to a leas sensitive portion of 
the retina, the image of the vessels becomes distinctly 
visible, 

102, The bestmodeof obtaining the transference of the 
fibadow is to concentrate in a dark room, by means of a 
pocket lens of short focus, a small image of the sun or of 
the electric light upon the white of the cyo. Care must be 
taken not to send the beam through the pupiL When the 
small lens is caused to move to and fro, the shadows are 
caused to travel over different portions of the retina, and a 
perfectly defined image of the veins and arteries is seen 
projected in the darkness in front of the eya 

103, Looking into a dark space, and moving a candle 
at the same time to and fro beside the eye, so that the raya 
enter the pupil very obliquely, the shadow of the retinal 
vessels is also obtained. In some eyes the suddenness and 
vigor with which the spectral image displays itself are 
extraordinai-y ; others find it difficult to obtain the effect. 

194. Finally, a delicate image of the vessels may be 
obtained'by looking through a pinhole at the bright sky, 
and moving the aperture to and fro, 
Xotca IS und 19. 
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The Stereoscope. 

195. Lookirith one eye at the edge of the hand, so that 
the finger nearest the eye shall cover all the others. Then 
open the second eye ; ty it the other fingers will be seen 
foreshortened. The images of the hand thenfore within 
the (wo ej/es are different. 

196. Theeetwoimagesare projected on the tworotince; 
if by any means we could combine two drawings, executed 
on a flat surface, so as to produce within the two eyee two 
pictures similar to the two images of the solid hand, we 
should obtain the impression of eoUdity. This la done by 
the stereoscope. 

197. The first form of this instramcnt was invented by 
Sir Charles Whcatstone. lie took drawings of solid objects 
as seen by the two eyes, and looked at the images of these 
drawings in two plane mirrors. Each eye looked at the 
image which belonged to it, and the mirrors were so 
arranged that the images overlapped, thus appearing to 
come from the same object. By this combination of its 
two plane projections, the object sketched was caused to 
Start forth as a solid, 

198. In looking at and combining two such drawings, 
the eyes receive the same- impression, and go through the 
same process as when they look at the real object. We 
see only one point of an object distinctly at a time. If the 
different points of an object bo at difierent distances &om 
the eyes, to sec the near points distinctlyrequireBa greater 
convergence of the axes of the eyes than to sec the distant 
ones. Now, besides the identity of the retinal images of 
the fltcreoseopic drawings with those of the real object, the 
eyes, in order to cause the corresponding pairs of points of 
the two drawings to coalesce, have to go through the same 
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variations of coovcrgcDco that arc iiceessary to see dis- 
tinctly tho various points of tlie actual object. Hence the 
imprcBfiion of solidity produced by the combination of Biicli 
drawings. 

199. Measure the diBtanceb&tween ((00 ^aira of points, 
wliich when combined by the stereoscope present two 
Hngle points at different distances from the eye. The dis- 
tance between the one pair will be greater than that 
between the other pair. Different degrees of convergence 
are therefore necessary on the part of the eye to combine 
the two pairs of points. It is to be noted that the coalea- 
oence produced in the stereoscope at any particular moment 
is only partial. If one pair of corresponding points be 
Been Bingly, the others must appear double. Thie is also 
the case when an actual solid is looked at with both eyes; 
of those points of it which are at different distances from 
the eyes one only is Been singly at a time. 

200. Tlie impresBion of solidity may be produced in au 
exceedingly striking manner without any stereoscope at 
alL Most easily, thus : Take two drawings — projcctionB, 
as they are called — of the frustum of a cone ; the one as it 
is seen by tho right eye, the other as it is seen by the left. 
Holding them at some distance from the eyes, let the left- 
hand drawing be looked at by the right eye, and the right- 
hand drawing by tlie left. The lines of vision of the two 
eyes here cross each other ; and it is easy, after a few trials 
with a pencil-point placed in front of the eyes, to make two 
eorrcBponding points of the drawings coincide. The mo- 
ment they coincide, the combined drawings start forth as 
ft single solid, suspended in the air at the place of interseo- 
tion of the lines of vision. It depends upon tho character 
of the drawings whether the inside of the frustum is seen, 
or the outside, whether its bane or its top seems nearest to 
the eye. For this experiment the drawings are best made 
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In aimple outline, anil they may be immensely lai-ger tluu 
ordinary Btereoecopic dra wings. 

Take notice that here also the diffyrent pairs of the 
correBponding points are at different distances apart. 
Two corresponding points, for example, of the top of the 
frustnm will not he the same diBtance asunder as two 
points of the baso, 

201. WheatBtone's first instrument is called tho Re- 
flecting Stereoscope; but the methods of causing draw- 
ings to coalesce so as to produce stereoscope effects are 
almost numberless. The instrument most used by the 
public is the Lenticular Stereoscope of Sir David Brews- 
ter. In it the two projections are combined by means of 
two half lenses with their edges turned inward. The len- 
ticTilar stereoscope also magnifies.* 

202, It has been stated in note ISe that for the dis- 
tinct Tision of a near point a greater convergence of the 
lines of vision of the two eyes is necessary than that of a 
distant one. By an instrument in which two rectangular 
prisma are employed,! '^^^ rays from two points may be 
caused to cross before they enter the eyes, the convergence 
being thus rendered greater for the distant point than 
for tho near one. Tho consequence of this is, that tho 
near point appears distant, and the distant point near. 
This is the principle of Wbeatstone's psmidoscope. By 
this instrument convex surfaces arc rendered concave, and 
concave surfaces convex. Tho inside of a hat or teacup 
may be thus converted into its outside, while a globe may 
be seen as a concave spherical surface, 

* Fuller and clcarBr infomiation regnniing the EtereOBCope will ba 
round in tho JourmU of the PhotographK Society, toL iii, pp. 68, 116, 
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of Light ; Physical Theory of Ji^ection an^ 
Hefraction. 

It is now time to redeem to some cxtcut the promise 
Ff our first note, tliat the "something" which excitea the 
sensation of light ahouM be considered more closely snb- 
eeqnently. 

203. Every sensation corresponds to a motion excited 
t onr nerves. In the sense of touch, the nerves are 
(oved by the contact of the body felt ; in the sense of 

1, they are stirred by the infinitesimal particles of the 
porous body; in the sense of hearing, they are shaken 
Y the vibrations of the air. 

Theory of Emission, 

204. Newton supposed light to conaist of small parti- 
|es shot out with inconceivable rapidity by luminous 

Tiodiea, and fine enough to pass tlirough the pores of trans- 
parent media. Crossing the humors of the eye, and strik- 
ing the optic nerve behind the eye, these particles were 
npposed to excite vision. 

205. This is the Emission Theory or Corjmacular 
\/ of Light. 

206. Considering the enormous velocity of light, tho 
particles, if they exist, must be inconceivably small ; for 
if of any conceivable weight, they would infallibly destroy 
flo delicate an organ as the eye. A bit of ordinary mat- 
ter, one grain in weight, and moving with the velocity of 
light, would poaaess the momentum of a cannon-ball 150 

reight, moving with a velocity of 1,000 feet a second. 

207. Millions of these light particles, supposbg them 
» exiBt, concentrated by lenses and mirrors, have been 

i against a balance suspended by a single spider's 
read; this thread, though twisted 18,000 times, showed 
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no tendency to untwist iUelf ; it was therefore devoid of 
torsion. But no motion due to the impact of the particlea 
waa even in this case observed.* 

308. If light coDsifits of minute particlca, they must hs 
shot out with the same velocity by all ceiestial bodies. 
This seems exceedingly unlikely, when the different gravi- 
tating forces of such different masses are taken into ao- 
coont. By the attractions of such diverse masaee, the 
particles wonld in all probability be pulled back with dif- 
ferent degrees of force. 

200. If, for example, a fixed star of the sun's density 
possessed 260 times tiie sun's diameter, its attraction, sup- 
posing light to be acted on like ordinary matter, would 
be sufficient to fimlly stop the particles of light issuing 
from it. Smaller masses would exert corresponding de- 
grees of retardation ; and hence tlie light emitted by dif- 
ferent bodies would move with different velocities. That 
such is not the case — that light moves with the same ve- 
locity whatever be its source— renders it probable that it 
does not consist of particles thus darted forth. 

But a more definite and formidable objection to the 
Emission Theory may be stated after we have made onr- 
selves acquainted with the account it rendered of the phe- 
nomena of reflection and refraction. 

210. In direct reflection, according to the emission 
theory, the light particles are first of all stopped in their 
course by a repellent force exerted by the reflecting body, 
and then driven in the contrary direction by the game 
force. 

211. This repulsion is, however, sehclioe. The reflect- 
mg substance singles out one portion of the group of par- 
ticles composing a luminous beam and drives them back; 

• EmncK, Fha. Trans., 17B2. 
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But it attracts iho remoinuig particles of the group and 
^ transmits them. 

212. When a light particle approaches a refractive 
surface obliquely, if the particle be an attracted one, it is 
drawn toward the snrface, aa an ordinary projectile is 
drawn toward the earth. Hcfractioa is thus accounted 
for. Liite the projectile, too, the Telocity of the light par- 
ticle is augmented during its deHectioa ; it enters the re- 
fracting medium with this increased velocity, and once 
within the medium, the attractions before and behind the 
particle neutralizing each other, the increased velocity ia 

laintained. 

213. Thus, it is an unavoidable consequence of the 
theory of Newlon, that the bending of a ray of light toward 
^e perpendicular is accompanied by an augmentation 

F velocity — that light in water moves more rapidly than 
L idr, in glass more rapidly than in water, in diamond 
e rapidly than in glass. In short, that the higher the 
nfractivo index, the greater the velocity of the light. 

214. A decisive test of the emission theory was thus 
BUggested, and under that test the theory has broken 
down. For it has been demonstrated, by the most rigid 
experiments, that the velocity of light diminU/iea as the 

E*"-''!K of refraction increases. Tlie theory, however, had 
3ed to the assaults made upon it long before ^thia par- 
lar experiment was made. 
T7teory of Wndulation. 
!15, The Emission Theory was first opposed by the 
brated astronomer Iluyghens, and the no leas cele- 
brated mathematician Euler, both of whom held that light, 
like sound, was a product of wave-motion, Laplace, Malus, 
Biot, and Brewster, supported Newton, and the emission 
K tlieory maintained its ground until it was finally over- 




tbroira by the labors of Tbomits Young* and Angustin 
Freenel. 

216, Tbese two emment pbilosopherB, while adducing 
whole classes of facts inexplicable by the emission theory, 
succeeded in establishing the most complete parallelism 
between optical phenomena and thoso of wave-motion. 
The justification of a theory consists in its exclusive con*- 
petence to account for phenomena. On such a basis tha 

Wave Theory, or the JJndulatory Theory of light, now 
rests, and every day's experience only makes its founda- 
tions more Bocure. This theory must for the fature 
occupy much of our attention. 

217. In the case of sound, the velocity depends upon 
the relation of elasticity to density in the body whioli 
transmits the sound. The greater the elasticity the greats 
is the velocity, and the less the density the greater is the 
velocity. To account for the enormous velocity of propa- 
gation in the case of light, the substance which transmits 
it is assumed to be of both extreme elasticity and of ex- 

• Dr, Young was appDinted Professor of Natural PliiloBOpliy in the 
Bojiil luBtitution, Angust 3, 1801. From a muble slab in tbe village 
clmTcli of Fumborougli, sear Bromley, Kent, I capied, on tlie llth of 
April, tbe following inscription : 

"Near this place are deposited tho remaina of Thomas Yotrso, M. D., 
Fellow and Foreign Seoretarj of the Kajal Society, Member of tie "Str 
tlooal Institatc of France. A man aliko eminent in almost evei? depkci- 
ment of human learning, whose many diacoverica enlarged the bounda of 
Ffataral Science, and who first penetrated tbe obscuritj which had veiled 
for ages the Hieroglyphica of Egypt, 

"Endeared to his friends byhia domesOo virtues, Honored by tlis 
world for hla unrivalled acquirements, He died in the hope of the renp 
la of the jii6t. 

lom bX Milrerton, in Somersetshire, June 13, ITT3. 
" Died in Park Sqimrc, London, May 29, 1829, ^ 

"In the 56th year of his age," h 
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e tenuity. This substance is called the Luminiferous 

218. It fills space; it Burrounda the atoms of Ijodies; 
it extends, without solution of continuity, through the 
humors of the eye. The molecules of luminous bodies are 
in a state of vibration. The vibrations are taken up by 
the ether, and transmitted tbroagh it in waves. These 
waves impinging on the retina excite the sensation of 

light. 

219. In the case of aonnd, the air-particles oscillate to 
and fro in the direction in which the sound is transmitted; 
in the case of light, the ether particles oscillate to and fro 
across the direction in which the light is propagated. In 
scientific language the vibrations of sound are longitudi- 
nal, while the yibrations of light are transversal. In fact, 
the meobanical properties of the ether are rather those of 
a solid than of an air. 

220. The intensity of the light depends on the distance 
to which the ether particles move to and fro. This dis- 
tance is called the amplitude of the vibration. The in- 
tensity of light is proportional to the square of the ampli- 
tude ; it is also proportional to the square of the maximum 
velocity of the vibrating particle. 

221. The amplitude of the vibratioM diminishes simply 
as the distance increases ; consequently the intensity, 
which is expressed by the square of the amplitude, must 
diminish inversely as the square of the distance. ITiis, 
in the language of the wave theory, ia the law of inverse 
squares. 

222. The refiection of ether waves obeys the law es- 
tablished in the case of light. The angle of incidence is 
demonstrably equal to the angle of reflection, 

223. To account for refraction, let uh for the sake of 
simplicity take a portion of a circular wave emitted by the 
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sun or Bomo other distant body. A aliort portion of such 
a wave would bo straight. Suppose it to impinge from 
air upon a plate of glass, the ware being in the first iu- 
Btance parallel to the surface of the glass. Such a wava 
would go through the glass without change of direction. 

224. But as the velocity in glass is less than the veloci- 
ty in air, the wave would be retarded on passing into the 
denser medium, 

225. But suppose the wave, before impact, to be 0^ 
ligitie to the surface of the glass ; that end of the wave 
which £rst reaches the glass will be first retarded, thfl 
other portions being hcid back in succcseion. Tbia retar- 
dation of one end of the wave eaaaes it to swing round; 
BO that when the wave has fully entered the glass its course 
is oblique to its lirst direction. It is refracted. 

228. K the glass into which the wave enters be a plate 
with parallel sui-faces, the portion of the wavo which 
reached the upper sur&ce _first, and was first retarded, 
will also reach its under surface first, and escape earliest 
from the retarding medium. This produces a second 
swinging round of the wave, by which its original direc- 
tion is restored. In tliis simple way the Wave Theory 
accounts for Refraction. 

22'?. The convergence or divergence of beams of light 
by lenses is immediately deduced from the fact that the 
different points of the ether wavo reach the lena, and are 
retarded by the lens in sue cession, 

228. The density of the ether is greater in liquids and 
solids than in gases, and greater in gases than in vacuo. 
A compressing force seems to be exerted on the ether by 
the molecules of these bodies. Now if the elasticity of the 
ether increased in the same proportion as its density, the 
one would neutralize the other, and wc should have no 
retardation of the velocity of light. The diminished ve- 



locity in highly-refracling bodies is accounted for by aa- 
Buming tbat in such bodies the elasticity in relation lo the 
density is less than in vacuo. Tlie observed phenomena 
immediately flow from this assumpUon. 

229. The case is precisely similar to that of sound in a 
gas or vapor which does not obey the law of Mariottc. 
The elasticity of such a gas or vapor, when compressed, 
increases less rapidly than the density ; hence the dimin- 
ished velocity of the sound, 

230. But we are able to give a more distinct statement 
as to the influence which a refracting body has upon the 
velocity of light. Regard the lines o tn and np In Fig. 2, 
Note 113. These two lines represent the velocities ofligh£ 
in the two media there considered ; or, expressed more 
generally, tlie sine of the angle of incidence represents the 
velocity of light in the first medium, while the sine of the 
angle of refraction represents the velocity in the second. 
The index of refraction then is nothing else than Hie ratio 
of the two velocities. Thus in the case of water, where the 
index of refraction is ^, the velocity in air is to its velocity 
in water as 4 is to 3. In glass also, where the index of 
refraction ia f , the velocity in air is to t!ie velocity in glass 

as 3 is to 2. In other words the velocity of light in air ' 

!s 1^ times its velocity in water, and IJ- times its velocity 
in glass. The velocity of light in air is about 2 J times its 
velocity in diamond, and nearly three times its velocity in 
cbromate of lead, the most powerfully refracting sub- 
stance hitherto discovered. Strictly speaking, the index 
of refraction refers to the passage of a ray of light, not j 

from air, but irom. a vacuum,* into the refracting body. I 

Dividing the velocity of light in vacuo by its velocity in i 

the refracting substance, the quotient ia the index of re- 

Sction of that substance. I 

• That ia lo say, a Tocnma save as regarila the ether [tacif I 
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231. In tho wave theory, the i-aya of light aro p«r- 
poDilieulars to the waves of ether. Unlike tbe wave, tbe 
ray has no material existCDCC ; it is merely a direction. 

P>-isms. 

232. It hrts been stated, in Note 120, that in the case 
of a plate of glass ioith parallel aurfaoes, the direetioa 
IioBsessed by an oblique ray, prior to its meetiug the glaas, 
is restored when it quits the glass. T)iis is not the case 
if the two surfaces at which the ray enters and emerges 
be not parallel. 

233. When tbe ray passes through a wedge-ahaped 
transparent substance, in a direction perpendicular to tha 
edge of the wedge, it is pennaTiently refracted. A body 
of this shape is called a prism in optics, and the angle en- 
closed by the two oblique sides of tho wedge is called the 
refraetiTig angle, 

234. Tho larger the refracting angle the greater ia Uie 
deflection of the ray from its original direction. But iritll 
the self-same prism the amount of the refraction varies 
with the direction pursued by the ray through the priam. 

335. When that direction is such that the portion of 
the ray within the prism makes equal angles with the two 
sides of the prism, or, what is the same, with the ray be- 
fore it reaches the prism and after it has quitted it, then 
the total refraction ia a minimum. This ia capable both of 
mathematical and experimental proof; and on this result 
ia based a method of detemdning the index of refraction, 

236. The final direction of a refracted ray being un- 
altered by its passage through glass plates with parallel 
Burfaces, we may employ hoDow vessels composed of each 
plates and filled with liquids, thus obtaining liqnid 
prisma. 
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Prismatic A.nalyais of Light j Dispersion. 

237. Newton first unravelled tbe solar light, proving 
It to be composed of an infinite number of rays of difiercnt 
ilegreea of refnmgibility ; when such light is sent through 
a prism, its constitnent rays aro drawn asnndcr, Tliis act 
of drawing apart is called dispersion. 

238. The waves of ether generated by luminous bodies 
are not all of the same length ; some are longer than 
others. In refracting substances the short waves are more 
retarded than the longer ones; hence the short waves are 
more refracted than the long ones. This is the cause of 
dispersion, 

239. The Inminoua image formed when a beam of white 
light is thus decomposed by a prism is called a ^xxtrum. 
If the light employed be that of the sun, the image is 
called the solar spectrum. 

240. The solar spectrum consifita of a scries of vivid 
colors, which, when reblended, produce the original white 
light. Commencing with that which is least refracted, 
we have the following order of colors in the aolar gpeo- 
trum : Ked, Orange, Yellow, Green, Blue, Indigo, Violet. 

241. The Color of Light is determined solely by its 
Wave-length. — The ether waves gradually diminish in 

length from the red to the violet. Tlio length of a wave 
of red light is about -ssfosth of an inch ; that of the wave of 
violet light is about TrJ^jsth of an inch. The waves which 
produce the other colors of the spectrum lie between these 
extremes. 

242. The velocity of light hoiag 193,000 miles in a | 
second, if we multiply this number by 39,000 we obtain 1 
the number of waves of red light in 192,000 miles ; the 
product is 474,439,080,000,000. All these waves enter the 
eye in a second. In the same interval 699,000,000,000,000 
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L waves of violet liglit enter the eye. At lliia prodi^ona 
rate is the retina bit by tbe waves of liglit. 

243. Color, in fact, is to ligbt -what pitch is to Bound. 
Tbe pitch of a note depends solely on the nomlier of 
aerial waves which strike the ear in a aeconi The color 
of light depends on the number of ethereal waves which 
strike the eye in a second. ThiiB the aensation of red is 
prodaced by imparting to the optic nerve four hundred 
and seventy-four milliona of millions of impolses per 
second, while the sensation of violet is produced by im- 
parting to the nerve six hundred and ninety-nine millions 
of millions of impulsea per second. In tbe Emisuon 
Tlieory numbers not less immense occur, "nor is there 
any mode of conceiving the subject which does not call 
upon us to admit the exertion of mechanical forces which 
may well be termed infinite." * 

lamsibls Rays ; Calorescmce and Fhioreacenee. 

244. The spectram extends in both directions beyond 
its visible limits. Beyond the visible rod we have rays 
which possess a high heating power, though incompetent 
to excite vision; beyond the violet we have avast body 
of rays which, though feeble as regards heat, and power- 
less as regards light, are of the highest importance be- 
cause of their capacity to produce chemical action. 

245. In the case of the electric light, tbe energy- of the 
non-luminous calorific raya emitted by the carbon points 
is about eight times that of all the other rays taken to- 
gether. The dark calorific raya of the sun also probably 
exceed many times in power the luminous aolar rays. It 
is possible to sift the solar or the electric beam bo as to 
intercept tbe luminous rays, while the non-Iumlnona raTi 
»re allowed free transmission. 

ir Jolin UcrBchcl. 
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i 346. In this way perfectly dark foci may lac oTataiced 
e combustible bodies may be burned, non-refractory 
metals fused, and refractory ones raised to the tempera- 
ture of whiteness. The non-lnininous calorific rays may 
be thus transformed into luminous ones, which yield all 
the colora of the spectrum. This passage, by the inter- 
vention of a refractory body, fi-om the non-luminous to the 
luminous state, is called Gal&reacence. 

247, So also as regards the ultra-violet rays; when 
they are permitted to fall upon certain flubstancea — the 
diaulphato of qiuDino for example — they render the sub- 
Btance luminous; invisible raya are thereby rendered vigi- 
We. The change here receives the name oi Fiuorescence, 

248, In calorescence the atoms of the refractory body 
are caused to vibrate more rapidly than the waves which 
fail upon them ; the periods of the waves are quickened hy 
their impact on the atoms. The refrangibility of the rays 
is, in fact, exalted. In fluorescence, on the contrary, the 
impact of the waves throws the molecules of the fluores- 
cent body into vibrations of slower periods than those 
of the incident waves ; the refrangibility of the rays is 
in fact lowered. Thus by exalting the refrangibility of 
the ultra-red, and by lowering the refrangibility of the 
ultra-violet rays, both classes of rays are rendered capable 
of exciting vision. 

249, Though the term is by no means faultless, those 
rays, both ultra-red and ultra-violet, which are incom- 
petent to excite vision, are called invisible rays. In 
strictness we cannot speak of rays being either visible or 
invisible; it is not the rays themselves bat the objects 
Ihey illuminate that become visible. " Space, though 
traversed by the rays from all suns and all stars, is itself 
uneeen. Not even the ether which fills space, and whose 
motions are the light of the world, is itself visible." * 

• '■ Prococdms3 of the Roynl Inatitutioii," vol v., p. 456, 
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Doctrine of VtsucU Periods. 

250, A String tuned to a certain note reaounda wlien 
that note ia souoiled. If you slug into an open piano, the 
string whose note is in unison with your voice will be 
thrown into sonorous vibration. If there be discord be- 
tween the note and the string, there is no resonance, 
however powerful the note may be. A particular ehuroli- 
pane is sometimes broken by a particular organ-peal, 
throngh the coincidence of its period of vibration with 
that of the organ. 

251. In this way it is conceivable that a feeble note, 
through the coincidence of its periods of vibration with 
those of a sounding body, may produce effecta which a 
powerful note, becauae of its non-coincidence, is unabla to 
produce. 

252, This, which is a known phenomenon of soond, 
helps ua to a conception of the deportment of the retina 
toward light. The retina, or rather the brain in which 
its fibreB end, is, as it were, attuned to a certain range of 
vibrations, and it is dead to all vibrations which lie with- 
out that rapge, however powerful they may bo. 

253. The quantity of wave-motion sent to the eye at 
night, by a candle a mile distant, suffices to render the 
candle visible. Employing the powerful ultra-red raya of 
the snn, or of the electric light, it is demonstrable that 
ethereal waves possessing many millions of times the me- 
chanical energy of those which produce the candle's 
light, may be caused to impinge upon the retina witi^ 
out exciting any sensation whatever. The periods of 
Bueeeesion of the waves, rather than their stretiffth, are 
here influential, 

264, Wlien in music two notes are separated from each 
other by an octave, the Iiiglier note vibratea with twice 
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the rapidity of tho lower. In Note 241 tlie lengths of the 
wave of red light and of violet light are set down as jrtrrff 
of an incli and tt^Sm °^ ^^ *^*^'^ respectively ; but these 
numbers refer to tho mean red and the mean violet. Tho 
waves of the extreme violet are abont half the length of 
those of the extreme red, and they strike the retina with 
double the rapidity of the red. While, therefore, the music- 
ai scale, or the range of the ear, is known to embrace nearly 
eleven octaves, the optical scale, or range of the eye, ia 
comprised within a single octave. 

Doctrine of Colors. 

255. Natural bodies possess the power of ertinguislt- 
ing, or, as it ia called, absorbing the light that enters them. 
This power of absorption is selective, and hence, for the most 
part, arise tKe phenomena of color. 

256. When the light which enters a body is whoUy 
absorbed the hody is black ; a body which absorbs all the 
waves equally, but not totally, ia gray; while a body which 
absorbs the various waves unequally is oolored. Color Is 
dne to the extinction of certain constituents of the white 
light within the body, the remaining constituents which 
return to the eye imparting to the body its color. 

257. It is to bo bomc in mind that bodies of atl colors, 
illuminated by white light, reflect white light ffom their 
exterior surfaces. It is the light which has planged to a 
certain depth within the body, which has been sifted there 
by elective absorption, and then discharged from the body 
by interior reflection that, in general, gives the body its 

258. A pure red glass interposed In the path of a beam 
decomposed by a prism, either before or after the act of 
dooomposition, cuts off all the colors of the spectrum e 

A glass of any other puro color similarly 
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posed would out off all the spectrum except that particular 
portion which gives the glass its color. It is, however, 
extremely difficult, If not impossible, to obtain pure 
inents of any kind. Thus a yellow glass not only allows 
tlie yellow light of the spectrum to pass, but also a portion 
of the adjacent green and orange ; while a blue glass not 
only allows the blue to pass, but also a portion of the ad- 
jacent green and indigo, 

259. Hence, if abeam of white light be caused to pass 
through a yellow glass and a blue glass at the same time, 
the only transmiesiblc color common to both is green. 
This explamB why blue and yellow powders, when mixed 
together, produce green. The white light plunges into 
the powder to a certain depth, and is discharged by inter- 
nal reflection, minus its yellow and its bine. The green 
alone remains. 

260. The effect ia quite different when, instead of mix- 
ing blue and yellow pigments, we mix blue and yellow 
lights together. Here the mixture ia a jmre white. Blae 
and yellow are complementary colore. 

261. Any two colors whose mixture produces white 
called comphmentary colors. In the spectmrn we hare 
the following pairs of such colors : 

Boil oqJ greeoish Blue. 
Orange aod cjanogen Blue. 
TeHow and indigo Blna 
GroL'uiah Yellow and Violet. 

2C2. A body placed m a light which it is incompetent 
to transmit appears blaclc, however intense may be the 
illumination. Thria, a stick of red sealing-wax, placed in 
the vivid green of the spectrum, is perfectly blaclc. A 
bright-red solution similarly jilaced cannot be distinguished 
fnm black ink; and red cloth, on which the ppoctm'a is 



peimilted to fait, shows its color vividly wliere Iho red 
light falls upon it, but appears black beyond this position. 

263, We have thus far dealt with the analysis of white 
light. In rebleuding the constituent colors, so as to pro- 
duce the original, we illustrate, by s^i(Aeai'«, the composi- 
tion of white light. 

26-1. Let the beam analyzed be a rectangular slice of 
light. By means of a cylindrical lens we can recombine 
the colors, and produce by their mixture the original wbita 
It 18 also j)OBBible, by the combination of the colors of its 
spectrum, to build up a perfect image of the source of light. 
The persistence of impressions on the retina also offers a 
ready means of blending colors. 

Chromatic Aberration. — Achromaiism. 

265. Owing to the different refrangibility of the differ- 
rays of the spectrum, it is impossible by a single 

spherical lens to bring them all to a focus at the same 
point. The blue rays, for example, being more relracted 
than the red will intersect Boonor than the red. 

266. Hence, when a divergent cone of white light la 
rendered convergent by a lens, the convergent beam, ao far 
as the point of intersection of the rays, wilt be surrounded 
by a sheath of red ; while beyond the focus the divergent 
oone will be surrounded by a sheath of bloc. Hence, when 
tho refracted rays fall upon a screen placed between the 
lens and the focua of blue rays, a white circle with a red 
border is obtained ; while if the acreen be placed beyond 
tlie focus of red rays, the white circle will have a blue 
border. It ia impoaaible to produce a colorless image in 
ihese positions of tho screen. 

267. This lackof power on the part of a lens to bring its 
differently-colored constituents to a common focoa, is called 
the CliTOinatie nherratlon of the lens. 
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208. Newton considcreil it impoBBible to get rid of 
eliromatic aberration ; for he supposed the dispersion of a 
prism or lens to be proportional to its refraction, and that 
if you destroyed the one you destroyed the other. This, 
however, was an error. 

239, For two prisms producing the same mean re&ao- 
tion may produce very different degrees of dispersion. By 
diminishing the angle of the more highly- dispersive prism 
we can make its dispersion sensibly equal to that of the 
feebly dispei'sive one ; and we can neutralize the colors of 
both prisms by placing them in opposition to each other, 
without neutralizing the refraction. 

270. When, for example, a prism of water ia opposed 
to a prism of flint-glass, after the dispersion of the water, 
which is small, has been destroyed, the beam is still re- 
fracted. If a prism of crown-glass be substituted for the 
prism of water, substantially the same cffeet is produced. 
The flint-glass is competent to neutralize the dispersion of 
the crown before it neutralizes the refraction. 

271. What is here said of prisms applies equally to 
lenses. A convex crown-glass lens, opposed to a concave 
flint-glass lena, may have its dispersion destroyed, and still 
images may be formed by the combination of the two 
lenses, because of the residual refraction. 

273. A combination of lenses wherein color ia destroyed 
while acertain amount of refraction ia preserved, is called an 
achromatic combination, or more briefly an achromatic lens, 

273. The human eye is not achromatic. It suffers from 
chromatic aberration as well as from spherical aberration. 

Subjective Colors. 

274. By the action of light the optic nerve is rendered 
loss sensitive. When we pass from bright daylight 
moderately-lighted room, the room appears dark. 
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275. This is also true of indiWilual colore ; when light 
of ajtj particular color falls npon the eye, the optic nerve 
is rendered lesB scnGitive to that color. It ia, in fact, par- 
f ially blinded to its perception. 

276. If the eyea be steadily fixed npon a red wafer 
placed on white paper, after a little time the wafer will be 
BOiToanded by a greenish rim, and if the wafer be moved 
away, the place on which it rested will appear green, 

277. This is thus explained : the eye by looking at the 
wafer has its eensibility to red light diminished ; hence, 
when the wafer is removed, the white light falling npon 
the spot of the retina ou which the image of the wafer 
rested, will have iisredconstitneut virtually removed, and 
will therefore appear of the complementary color. The 
first rim of green light observed is dno to the extension of 
the red light of the wafer a little beyond its geometrical 
image on the retina, in consequence of the spherical aberra- 
tion of the eye, 

278. Colored shadows are reducible to the same cause. 
Let a strong red light, for example, fall npon a white screen, 
A body interposed between the light and the screen will 
cast a shadow, and if this shadow be moderately illumi- 
nated by a second white light it will appear green. If the 
original Ught be blue, the shadow will appear yellow ; if 
the original light bo green, the shadow will appear red. 
The reason is, that the eye in the first instance is partially 
blinded to the perception of the color cast upon the screen ; 
hence the white light, which reaches the eye from the 
shadow, will have that color partially withdrawn, and the 
shadow will appear of the complementary color. 

279. Colors of this kind are called si^ecUve colors ; 
they depend upon the condition of the eye, and do not 

B external facts of color. 
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Spectrum Analysis, 
I. Metals aud tbcir compoundB impart to flames pe- 
culiar colora, whioh aro characteristic of the laetaU. Thus 
the almost lightlesB flame of a Bunsen's burner is renderetl 
a brilUaut yellow by tlie mutal sodium, or by any vola- 
tilizible compound of that metal, such as chloride of sodium 
or common salt. The flame is rendered green by copper, 
purple by zinc, and red by Btrontian. 

281. These colors are due to the vapors of the metalfi 
which are liberated in the flame. 

382. When such iueandesceot metaillc vapors are ex- 
amined by the prism, it is found that instead of emitting 
rays which form a continuous spectrum, one color passing 
gradually into aiiother, they emit distinct groups of rays 
of definite, but different refrangibUities. The spectrum 
correspondiag to these raya is a series of colored bands, 
separated from each other by intervals of darkness. Sooli 
bands are characteristic of luminons gases of all kinds. 

283, Thus the spectrum of incandescent sodium-vapor 
consists of a briltiaut band on the confines of the orange 
and yellow ; and the vapor is incompetent to shed foiHi 
any of the other light of the spectrum, Wlien this band 
is more accurately analyzed it resolves itself into two dis- 
tinct bands ; greater delicacy of analysis resolves it into a 
group of bauds with fine dark intervals between them. 
The spectrum of copper-vapor is signalized by a series of 
green bands, while the incandescent vapor of zinc prodaces 
brilliant bands of blue and red. 

284, The light of the bands produced by metslUo 
vapors is very intense, the whole of the light being con- 
centrated into a few narrow strips, and escaping in a great 
measure the dilution due to diaperniou. 

285, Those colored hands are perfectly cbara<iteristk; 
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of tlie vapor ; froia their position and number tiic aub- 
Btance that produces them can be unerringly inferred, 

286. I£ two or more metala be introduced into the 
flame at the same time, prismatic analysis reveals the bands 
of each metal as if the others were not there. This is also 
true when a mineral containing several metala is intro- 
duced into the flame. The constituent metals of the min- 
eral will give each its characteristic bands. 

287. Hence, having made ourselves acquainted with 
the bands produced by all known metals, if entirely new 
bands show themselves, it is a proof that an entirely new 
metal is present in the flame. It is thus that Bunsen and 
Kirchhoflj the founders of spectrum analysis, discovered 
Rubidium and Caaium ; and that Thallium, with its superb 
green band, was discovered by Mr. Crookes. 

288. Tlie permanent gases when heated to a siifRcient 
temperature, aa they may he by the electric discharge, 
also exhibit characteristic bands in their spectra. By 
these bands they may be recognized, even at stellar dis- 
tances. 

280, The action of light upon the eye is a test of un- 
rivalled delicacy. In spectrum analysis this action is 
brought specially into play ; hence the power of this 

thod of analysis.* 



Fttrtiier Definition of Radiation and Absorption. 
Y 290, The terms ray, radiation, and absorption, were 
llployed long prior to the views now entertained regard- 
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' Many perflors are incompetent to dietingniBh one cnlor of the speo- 
I from another ; red and green, for eianiple, are oftfln coofonndod, 

DalCOD, the ciilebratcd founder of the Atomic Tbcorj, could ooJy distin. 

guiih by their farm ripe red cherries from the green leaves of the tree. 

nil point ii now attended to iu the choice of cngine-drivera, who hsva 

Cone colored si^al from another. The defect is calico 
and BOmetinies DiiHon.i»7n. 
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ing the nature of liglit. It m neceesary more clearly to 
understand the meaning attacliod by the undulatory theory 
to those terms. 

291. And to complete our knowledge it is necessary to 
know that all bodies, whether luminous or non-luminotis, 
sre radiants J- if they do not radiate light they radiate 
heat. 

292. It is also necessary to know that laminouB rays 
are also heat rays ; that the self-Bame waves of ether falling 
on a thermometer produce the effects of heat; and im- 
pinging upon the retina produce the sensation of light. 
The rays of greatest heat, however, as already esplained, 
lie entirely without the vi Bible spectrum. 

283. The radiation both of light and heat consists in 
the communication of motion from the vibrating atoms 
of bodies to the ether which surrounds them. The ab- 
sorption of heat consists in the acceptance of motion, on 
the part of the atoms of a Isody, from ether which has beeji 
already agitated by a source of light or heat. In radiit- 
tion, then, motion is yielded to the ether; in absorption, 
motion is received from the ether. 

294. "Wlien a ray of light or of heat passes through a 
body without loss ; in other words, wlien the waves are 
transmitted through the ei/ier which surroonds the atoms 
of the body, without sensibly imparting motion to the 
atoms themselves, the body is transparent If motion be 
in any degree transferred from the ether to the atoms, in 
that degree is the body opaque. 

295. If either light or radiant heat be absorbed, the 
absorbing body is warmed; if no absorption takes place, 
the light or radiant heat, whatever its intensity may be, 
passes through the body without affecting its tempera- 

296. Thus in the dark foci referred to in Uolc 24C, or 



in the focua of the most powerful burning mirror which 
concentrates the beama of the aun, the air might be of a 
freezing temperature, because the absorption of the beat 
by the air is inaeusible, A plate of clear rock-salt, more- 
over, placed at the focus, is scarcely sensibly heated, tbe 
absorptioQ being small ; while a plate of glass is shivered, 
and a plate of blackened platinum raised to a white heat, 
or even fused, because of their powers of absorption. 

297. It is here worth remarking that calcalations of 
the temperatures of comets, founded on their distanccH 
from the sun, may be, and probably are, entirely fal- 
latdona. The comet, even when nearest to the sun, might 
bo intensely cold. It might carry with it round its 
perihelion the chill of the most distant regions of space. 
If transparent to tlie solar rays it would be unaffected 
by the solar heat, as long as that heat maintained the 
radiant form. 

PSTie Pure Spectrum : Fraunhofefa Lines. 
298. When a beam of wliite light issuing from a alit is 
decomposed, the spectrum really conaists of a series of 
colored images of the slit placed aide by side. If the slit 
be wide, these images overlap ; but in a pure spectrum 
the colors must not overlap each other, 

299. A pure speotmoi ia obtained by making the slit 
through which the decomposed beam passes very narrow, 
and by sending the beam through several prisms in suc- 
cession, thus augmenting the dispersion. 

300. When the light of the sun ia thus treated, the 
solar spectrum is found to be not perfectly continuous; 
across it are drawn innumerable dark lines, the raya coi^ 
responding to which are absent. Dr. WoUaaton was the 
first to observe some of these lines. Tlieywere afterward 
studied with supreme skill by Fraunhofcr, who lettered 
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tbem and made accurate ina])B of tbem, and from liini they 
bave been called IVaunhqft^e lines. 

Meciprocity of Radiation and Abaojyjtioti. 

301. To account for the missing rays of the linea <•( 
Fraunhofer was long an enigma with philoaopliers. By 
the genius of Kirchhoft" the enigma was solved. Its solu- 
tion carried with it a new theory of the constitution of the 
sun, and a demonstration of a method which enables na 
to determine the chemical composition of the sun, the 
stars, and the nchulse. The application of KircLhoff's 
principles hy Messrs. Huggins, Miller, Secchi, JansEen, 
and Lockyer, has been of especial interest and importance. 

302. Kirchhoff's explanation of the lines of Frannhofer 
is based upon the principle that every body is epecially 
opaque to such rays as it can itself emit when rendered 
incandescent. 

303. Thus the radiation from a carbonic-oxide flame, 
which contains carbonic acid at a high temparature, is in- 
tercepted in an astonishing degree by carbonic acid. If 
the rays from a sodium flame be sent through a seuond 
sodium flame, they will he stopped with particular energy 
by the second flame. The rays from incandescent thal- 
lium vapor are intercepted by thallium vapor, those &om 
lithium Tapor by lithima vapor, and so of the other 
metals, 

304. In the language of the undulatory theory, waves 
of ether are absorbed with special energy — their motion ia 
taken up with special facility — by atoms whose periods of 
vibration synchronize with the periods of the waves. This 
is another way of stating that a body absorbs with special 
energy the rays which it can itself emit. 

305. If a beam of white light he sent through the in- 
tensely yellow flame of sodium vapor, the yellow con- 




Btituent of the beani is intercepted by tbe flame, while 
rays of otlier refrangibilities arc allowed free tranBiniHsioii, 

306. Hence, when the spectrum of the electric light ia 
thrown upon a white screen, the introdaction of a sodium 
flame into the path of the rays cuts off the yellow compo- 
nent of the light, and the Bpeutritm is furrowed by a dark 
band in place of the yellow. 

307. Introdncing other Haraes in the same manner in 
the path of the beam, if the quantity of metallic vapor in 
the flame be sufflcient, each flame will cnt out its own bands. 
And if the flame through which the light passes contain 
the vapors of several metals, we shall have the dark char- 
acterietic bands of all of them upon the screen. 

308. Expanding in idea our electric light until it forma 
a globe e(jnal to the sun in size, and wTapplng round this 
iaoaudescent globe an atmo^phore of flame, that atmos- 
phere would cut off those rays of the globe which it can 
itself emit, the interception of the rays being declared by 
dark lines in the spectrum. 

309. We thus arrive at a complete explanation of the 
lines of Frannhofer, and a new theory of the conslitation 
of the sun. The orb consists of a solid or molten nucleus, 
in a condition of intease incandescence, bat it is sur- 
rounded V)y a gaseous photosphere containing vapors 
which absorb tliose raya of the nucleus which tliey them- 
selves emit. The lines of Frannhofer arc thus produced. 

310. The lines of Frannhofer are narrow bands of 
partial darkness ; they are really illuminated by the light 
of the gaseous envelope of the sun. But this is so feeble 
in comparison with the light of the nucleus intercepted by 
the envelope, that the bands appear dark in comparison 
with the adjacent brilliance. 

311. Wore the central nucleus abolished, the bands 
tFramihofiT on a perfectly dark -/round wouli be trans- 
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formed into a Beries of bright bande. These would re- 
Bomblo the spectra obtaiucd from a flame chai^d with 
metallic vapors. They would constitute the epootrnm ol 
the Bolar atmosphere. 

312. It is not necessary that the photosphere slioald 
be compoBed of pure vapor. DoubtleBB it contains Tart 
masBes of incandesceut cloudy matter, composed of white 
hot molteu particles. These intensely lominous white hot 
clouds may be the main origiu of the light which the earth 
receives from the son, and with them the true vapor of the 
photosphere may bo more or less confusedly mingled. But 
the vapor which produces the lines of Framihofer must 
exist outside the clouds, as assumed by KirchhoS 

Solar Chemistry. 

313. From the dark bauds of the Bpectrum we can de- 
termine what Bubstances enter into the composition of the 
golar atmosphere, 

314. One esamplo will illustrato the possibility of this. 
Let the light from the sun and the light from incandes- 
cent sodium vapor pass side by side through the same slit, 
and be decomposed by the same prism. The solar light 
will produce its spectrum, and the sodium light its yellow 
band. This yellow band wilt coincide exactly iu position 
with a characteristic dark band of the solar spectrum, 
which Frannhofer distinguishes by the letter d. 

815, Were the solar nucleus absent, and did the va- 
porous photosphere alone emit light, the dark line d would 
be a bright one. Its character and position prove it to be 
the light emitted by sodium. This metal, therefore, is 
contained in the atmosphere of the sun.* 

• By reference W) note 283 it will be Hccn tliat Iho sodium Ilw It 
retnlrod b; delicate analysis into a group of lines. Tlie Frsunlioto 
dark bond d ia Biriiiliiplj reaolTcd. It ought to be mentioned 
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316. The result is still more couvincing when a metal 
wliicli gives a Bumeroua seriea of bright bands finds each 
of ita baads exactly coineidetit with a dark band of the 
Bolar epectnun. By this method KircLhofii to whom we 
owe, in alt ita completenesB, this splendid generalization, 
vsiablisbed the existence of iron, calcium, magnesium, 
sodium, chromium, and otiier metals, in the solar almoB- 
phcre; and Mr. Hnggina liaa extended the application of 
the method to the light of the planets, fixed Btars, and 
ncbulffi!.* 

Planetary C/iemistry. 

317. The light reflected from the moon and planets is 
Bolar light ; and, if unafl'ecled by the planet's atmosphere, 
the spectrum of the planet would show the same lines as 
the solar spectrum. 

318. Thelightof the moon shows no other lines. There 
is no evidence of an atmoeplicre round the moon. 

319. The lines in the spectrum of Jupiter indicate a 
powcrfiil absorption by the atmosphere of this phmut. The 
atmosphere of Jupiter contains some of the gasea or vapors 
present in the earth's atmosphere. Feeble lines, some of 
them identical with those of Japiter, occur in the spoctram 
of Saturn. 

320. The lines characterizing the atmospheres of Jupiter 
and Saturn are not present in the spectrum of Mars. The 
bine portion of the spectrum is mainly the seat of absorp- 
tion ; and this, by giving predominance to the red rays, 
may be the cause of the red color of Mara. 

321. All the stronger lines of the solar spectrum are 
found in the spectrum of Venus, hut no additional lines. 
Mr. Talbot and Bit John nuraohal clearly foresaw the possibility 
ptojing Bpeotnim annljaiB in diitecliiig miiiuto traces of bodies. 

■ Prof. Stokes foresaw the possible applicatioD of spBctrura a 
to solar clicmistrj-. 
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StcUar Chemiatry. 

322. The atmoBpliere of the star Aldebaran cout^c' 
Iiydrogen, sodium, magnesiiun, calcium, iron, bismutta 
tellurium, antimony, mercury. The atmosphere of the star 
Alpha in Orion contains sodium, magnesium, calduni, 
iron, and bismuth. 

333. No star sufRcieutly bright to give a specti-um hai 
been observed to be without lines. Star differs from stai 
only in the grouping and arrangement of the lilimerout 
fine lines by which their spectra are crossed. 

324. The dark absorption lines are strongest in the 
spectra of yellow and red stars. In white stars the Uncs, 
though equally numerous, arc very poor and faint. 

326. A comparison of the spectra of stars of different 
colors suggests that the colors of the stars may be due to 
the action of their atmospheres. Those constituents of the 
white light of the star on which the lines of absorption faH 
thickest are subdued, the star being tinted by the residoal 
color. 

Father Secchi, of Rome, has studied the light of many 
hundreds of stars, and has divided them into four classes. 

Nebular Cltemistry. 

326. Some nobulre give spectra of bright bands, others 
give continuous spectra. The light from the former ema- 
nates from intensely heated matter existing in a state of 
ffos. This may in part account for the weakness of the 
light of these nebulie. 

327. It is probable that two of the constituents of the 
gaseous nebuleB are hydrogen and nitrogen. 

3%e Med Prominences and Envelope of t/ee Sun. 

325. Astronomers had observed during total eclipses 
of the sun vast red prominences extending from the eolor 
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THE ElED PROMINENCES OF TUE SON. 

^h Hany thousanil milea into space. Tlio intense illumi- 
^tion of the circumsolar region of our atmosphere masks, 
Wilder ordinary circumatanccs, the red prominences. They 

Ire qnenched, as it were, by excess of light. 

329. But whcD, by the intervention of the dark body 
of the moon, this light is cut off, the promiueneea are dis- 
tinctly seen. 

330. It was proved by Mr. De la Rue and others 
that the red matter of the promineiicGB was wrapped round 
a large portion of the sun's surface. According to the 
observations of Hr. Loekyer, the red matter forms a com- 
plete envelope round the aim. 

331. Examined by the 8]>ectroscope the matter of the 
prominences shows itself to be, for the most part, incan- 
descent hydrogen. With it are mixed the vapors of sodium 
and magnesiam. 

332. Mr. Janssen, in India, and Mr. Loekyer subse- 
quently, bat independently, in England, proved that the 
bright bands of the prominences might be seen without 
the aid of a total eclipse. Tlie explanation of this dis- 
covery ia glanced at in Note 284, where the intensity of 
the bright bands of incandeacent gases was referred to the 
practical absence of dispersion. 

333. By sending the light, which under ordinary eir- 
ciimstaneoB masks the hydrogen bands, through a sufficient 
number of prisms, it may be dispersed, and thereby en- 
feebled in any required degree. When sufficiently en- 
feebled the undispersed light of the incandescent hydrogen 
domiiuttea over that of the continuous spectrum. By going 
completely round the periphery of the sun Mr. Loekyer 
Found this hydrogen atmosphere everywhere present, its 
depth, generally about 5,000 miles, being indicated by the 
lei^h of ita characteristic bright lines. Where the 

gen ocean is shallow, the bright bands are short j 
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where the promiiionccs rise like vast waves above the level 
of the ocean, the bright lines are long. The prDminencea 
Bometimes reach a hi'ight of 70,000 miles. 

77ie Hainhow, 

334. A beam of solar light, falling obliquely on the 
surface of a rain-drop, is refracted on entering tlio drop; 
it is in part repeated at the back of the drop, and on 
emerging from the drop it is again refracted. 

335. By these two rofractiona on entrance and on 
emergence the beam of light is decomposed, and it quits 
the drop resolved into its eolored constituents. It is re- 
ceived by the eye of an ohscrver who faces the drop &nd 
turns hia back to the sun. 

336. In general the solar rays, when they quit the drop, 
are divergent, and therefore produce hut a feeble effect 
upon the eye. But at one particular angle tlie rays, after 
having been twice refracted and once reflected, issiie from 
the drop almost perfectly parallel. They thus preserve 
their intensity hke rays reflected from a parabolic mirror, 
and produce a corresponding effect upon the eye. The 
angle at which this parallelism ia established varies with 
the refrangibility of the light. 

337. Draw a line from the sun to the observer's eye 
and prolong this hne beyond the observer. Conceive an- 
other lino drawn from the eye enclosing an angle of 42' 
30' with the line drawn to the sun. The rain-drop struck 
by this second line wUl send to the eye a parallel beam of 
red light. Every otlier drop similarly situated, that la to 
say, every drop at an angular distance of 42° 30' from the 
line drawn to tlie sun, will do the same. We thus obtain 
a Gircuiar hand of red light, forming part of the base of a 
3one, by which the eye of the observer is the apex. Becaoae 





TOE RAINBOW. 

I the angular magalladc of tlic sun tlic wkltli of lliii; bnail 
3 be half a degree. 

338, From the oye of tho olntervcr conceive another 

line to be drawn cnclosiug an angle of 40° 30' with tho lino 

«lrawn to the sun. A drop struck by this line will send 

nlong the line an almost perfectly parallel bi'am of violet 

liglit to the eye. AU drops at tho same angular distance 

I^Trill do the same, and we shall obtain a band of violet 

^^Bght of the s.imc width as the red. These two bands cou- 

^Huitute the limiting colors of the rainbow, and between 

j^^bem the bands corresponding to the other colors lie, 

I 339. The rainbow is in fact a spectrum, in which the 
rain-drops play the part of prisms. The width of tlie bow 

II from red to violet is about two degrees. The size of the 
^■uo visible at any time manifestly depends upon the posi- 
^^Hon of tlie sun. The bow is grandest when it is formed 
^Hnr the rising or the setting sun. An entire semicircle is 
l^^ten seen by an observer on a plain, while from a moimtain- 

top a still greater are is visible. 

810. The angular distances and the order of colors here 
given correspond to the primarij how, but in addition to 
this we usually see a secondary bow of weaker hnes, and 
in which the order of the colors is that of the primary in- 
verted. In the primary the red band forms the convex 
surface of the arch ; It is the largest band ; in the second- 
ary the violet baud is outside, the red forming the con- 
cavity of the bow. 

341. The secondary bow is produced by rays which 
have undergone two reflections within the drop, as well as 
two refractions at its surface. It is this double internal 
reflection that weakens the color. In the primary bow the 
incident rays strike the upper hemisphere of the drop, and 

I emerge from the lower one ; iu tho secondary bow the in- 
dent raya Htrike the lower hemisphere of the drop, emerge 
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^m the upper one, and then cross the incident rays ti 
reach the eye of the observer. The secondary bow is 3j^ 
degrees wide, and it is 7^ degrees higher than the primary^ 
I'roni the space between the two bows part of the light 
reflected from the anUHor surfaces of the raiu-dropa 
reaches the eye ; but no light whatever that entert tha 
rain-dropB in this space is reflected to the eye. Hence thia 
region of the falling shower is darkest. 

Interfi^enca of I,ig7it, 
3-13. In wave-motion we mnst clearly distiugnlah tho 
motion of the wauefrom the motion of the individual par' 
ticks which at any moment constitute the wave. For 
while the wave moves forward throngh great distances, 
the individual particles of water concerned in its propaga- 
tion perform a comparatively short excursion to and fro, 
A sea-fowl, for example, as the waves pass it, is not car- 
ried forward, but moves up and down.* 

343. Here, as in other oases, the distance throngh 
which tho individual water particles oscillate, or through 
which the fowl moves vertically up and down, is called 
the amplitude of the oscillation. 

344. When light from two different souroea paseea 
through the same ether, the waves from the one sooroe 
must bo more or less affected by the waves from the other. 
Thia action is most easily illustrated by roforence to water- 
waves, 

345. Let two stones be cast at the same moment into 
still water. Bound each of them will spread a series of 
circular waves. Let ua flx our attention on a point 
the water, equally distant from the two centres of disturb- 
ance. The first two crests of both systems of waves reach 

* Strictl}' spoatiing, the water particles describe cloied cuneii and not 
■might TcrtLKUl lines. 



thifl point at the eame moment, and it is lifted by their 
joint actiou to twice the height that it would attain through 
the action of either wave taken singly. 

346. The first depression, or sinus as it is called, of the 
one system of waves also reaches the point a at the same 
Uomeut as the first sinus of the other, and through their 
■joint action the point is depressed to twice the depth that 
it would attain \>j the aclion of either sinus taken singly. 

347. What is tnie of the first crest and the first de- 
pression is also true of all the succeeding ones. At the 
point A the Biiecessive crests will coincide, and the sue- 
eeseire depressions will coincide, the agitation of the point 
being twice what it would be if acted upon by one oidy of 
the Bystems of waves, 

348. ITie length of a waoe is the distance from any 
crest, or any siims, to liic crest or sinus next preceding or 
succeeding. In the case of the two stones dropped at the 
same moment into still water, it is manifest that the coin- 
cidence of crest with crest and of sinus with sinus would 
also take place if the distance from the one stone to the 
point A exceeded the distance of the other stone from the 
same point by a whole Kaue-kiiffth. The only difference 
would be, that the second wave of the nearest stone would 
then coincide with the firat wave of the most distant one. 
The one system of waves would here be retarded a whole 
wave-length behind the other system. 

349. A little reflection will also make it clear that 
coincidence of crest with crest and of sinus with sinus will 
iiIbo occur at the point a when the retardation of the one 
Bystem behind the other amonnts to any number of whole 
wave4&nglhs. 

360. But if we suppose the point a to be half a wave- 
length more distant from, the one stone than from the 
other, then as the waves pass the point a the crests of one 
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of the systcmB will always coincide with tlie Binuses of the 
olher. When a wave of the one Byetcm tends to elevate 
the point a, a wave from the other system will, at the 
! moment, tend to depress it. As a coDsequence the 
point will neither rise nor sink, as it would do if acted 
upon by either system of waves taken singly, The same 
neutralization of motion occurs where the difference of path 
between the two stones and the point a amounts to any 
odd number of half wave-lengths. 

361. Here, then, by adding motion to motion, we abollflll 
motion and produce rest. In precisely the same way we 
can, by adding sound to sound, produce silence, one sya- 
tem of sound-waves being caused to neutralize another. 
So also by adding heat to heat we can produce cold, while 
by adding bght to light we can produce darkness. It is 
tliifi perfect identity of the deportment of light and radiant 
heat with tho phenomena of wave-motion that constitutes 
the strength of the Theory of Undulation. 

363. This action of one system of waves upon another, 
whereby the oscillatory motion is either augmented or 
diminished, la called Interference. In relation to optical 
phenomena it is called the Interference of Light. We 
shall henceforth have frequent oeoaaion to apply this 
principle. 

Diffraction, or t/ie I»J!ect!on of Light, 

353. Newton, who was fomiljar with the idea of an 
ether, and indeed introduced it in some of his specula- 
tions, objected that if light were propagated hy waves, 
shadows could not exist ; for that the waves would bend 
round opaque bodies, and abolish the shadows behind 
them. According to the wave theory this bending round 
of the waves actually occurs, but the different portioafl 
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of the inflected waves destroy each other by their inter 



354, This bending of the waves of light round the edges 
of opaque bodies, receives the name of IUffraotwn or In- 
JlerXhn (German, Beagung). We have now to consider 
some of the cflects of diffraction. 

355. Andfor this purpose it is necessary that our source 
of light should be a physical point or a fine line : for when 
an esteuGive luminotiB sui'facc is employed, the efieots of 
its difici'ent points in diffraction phenomena neutralize 
each other, 

.S56. A point of light may be obtained by converging, 
by a lens of short focus, the parallel rays of the sun, 
adnaitted through a small aperture into a dark room. 
The email image of the sun formed at the focus is hero 
our laminous point. The image of the sun formed on thfc 
Biirfiice of a silvered bead, or indeed upon the convex fur- 
face of a glass lens, or of a watch-glass blaokoned within, 
also answers the purpose. 

357. A lirte of light is obtained by admitting the sun- 
light through a abt, and sending the shea of light through 
a cylindrical lens. The rectangular beam is contracted 
to a physical line at the focus of the lens. A glass tube 
blackened within and placed in the liglit, reflects from its 
surface a luminons lino which also answers the purpose. 
For many experiments, indeed, the circular aperture, or 
the slit itself suffices without any condensation by a 
lens. 

358. In the experiment now to be described, a slit of 
variable width is placed in front of the electric lamp, and 
this slit is looked at from a distance through another slit, 
also of variable aperture. The light of the lamp is ren- 
dered monochromatic by placing a pure red glass in front 
of the elit. 
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35fi. With ihe eye placed in the straight Aae drawn 
ibrough both slits from the incamlesceat carbon points of 
the electric lamp an extraordinary appearance is observed. 
Firstly, the slit iu fi-ont of the lamp is seen as a vivid 
rectangle of light j bnt right and left of it is a long series 
of rectangles, decreasing in vividneea, and separated from 
each other by intervals of absolute darkness. 

360. The breadth of the bands varies with the widld 
of the slit placed in front of the eye. If the slit be "vndened, 
the images, become narrower, and crowd more closely to- 
gether; if the slit be narrowed, the images widen and 
retreat from each other, 

301, It may be proved that the width of the bands 
inversely proportional to the width of the slit held in frotii 
of the eye. 

362. Leaving every thingclse unchanged, let a bins 
glass or a solution of ammonia snlphate of copper, which 
gives a very pure blue, be placed in the path of the light. 
A series of blue bands ia thus obtained, exactly like the 
former in all respects save one; the blue rectangles arc 
narrower, and they are closer together, than the red ones. 

363. If we employ colors of intermediate refrangibili- 
ties between red and blue, which we may do by causing 
the different colors of a spectrum to shine through the slit, 
we shonld obtain bands of color intermediate in width and 
occupying intermediate positions between those of the red 
and blue. Hence when while ligM passes through the elit 
the various colors aro not superposed, and instead of a 
series of monochromatic bands, separated from each other 
by inter\'a!s of darkness, we have a series of colored epeo- 
tra placed side by side, the most refrangible color of eac^' 
spectrum being nearest to the slit. 

304, When the slit in front of tlie camera is illuminated, 
by a eandle-flamo, ijialead of the more intense electric light. 
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Bub s t ant i ally the same offcctB, though losa brilliant, are 
observed. 

365. What is the meaning of thia experiment, and how 
are the lateral images of the slit produced ? Of these and 
certain accompanying results the emission theory is in- 
competent to offer any exphination. Let ub see bow tbc-y 
are accounted for by tlie theory of undulation. 

366. For the sake of simplicity, we will consider the 
case of monochromatic light. Conceiye a wave of ether 
advancing from the first slit toward the secondhand finally 
filling the second slit. When the wave passes through 
the latter it not only pursues its direct course to the 
retina, but diverges right and left, tending to throw into 
motion the entire mass of the ether behind the slit, lu 
fact, evety point of t/ie wave which jilU the silt is itself a 
centre of tiew wave-ay stems, which are transmitted in all 
directions through the ether behind the slit. We have 
flow to examine how these secondary waves act upon each 
other. 

367. First, let us regard the central rectangle of the 
series. It is manifest that the different parts of every 
transverse section of the wave, which in this case fills our 
slit, reach the retina at the same moment. They are in 
complete accordance, for no one portion is retarded in 
reference to any other jiorlioii. The rays thus coming 
direct from the source through the slit to the retina pro- 
dnce the central band of the aeries. 

368. But now let ns consider those waves which diverge 
obli^ely from th*e slit. In thia case, the waves from the 
two edges of the slit have, in order to reach the retina, to 
pass over unequal distances. Let us suppose the differ- 
ence in path of the two marginal rays to be a whole 
length of the red light ; how must this difference affect the 
final illoounatioa of the retina ? 
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369. Fix your attontion upon the particular ray or line 
of light that paaaeB exactly through the ce}i/re of the slit to 
the retina. The difference of path bet^reen this central 
ray and the two marginal rays is, in the case here sup* 
posed, half a wam-length. The least reflection will make 
it clear that every ray on the one side of the central line 
finds a ray upon the other side, from which its path differs 
by half an undulation, with which, therefore, it is in com- 
plete discordance. The consequence is that the light on 
the one side of the central line will completely abolish the 
light on the other side of that line, absolute darkness be- 
ing the result of their mutual extinction. The first rfar* 
interval of our eeries of bands is thus accounted for. It 
is produced by an obliquity which causes the paths of the 
marginal rays to be a ichole wave-length diiferent from 
each other, 

370. When the difference between the paths of the 
marginal rays is half a leaae-lengtk, a partial destruciioa 
of the light is effected. The lumiuoua intensity corre- 
sponding to this obliquity is a little leas than one-half— 
accurately 0.4 — of that of the undiffracted light, 

371. If the paths of the marginal rays be three senii- 
nndnlationa different from each other, and if the whole 
beam be divided into tliree equal parts, two of these parts 
will completely neutralize each other, the third only being 
effective. Corresponding, therefore, to an obliquity wbietk 
prodncea a difference of three semi-undulations in tita 
marginal rays, we have a luminous band, but one of 
considerably less intensity than the undiffracted ccntrat 

372. With a marginal difference of path of four semi- 
undulations we have a second extinction of the entire 
beam, a space of ,ibsulutc darkness corresponding to this 
obliquity. In this way we might proceed further, the 



general result being that, wlienever the obliqnity is snch 
as to produce a marginal difforenee of path of ao even 
Dumber of semi-undulations, we have complete extinction ; 
while, when* the marginal difference ia an odd number of 
Bemi-undulations, we have only partial extinction, a poi^ 
taon of the beam remaining as a luminous band. 

373. A moment's reflection will mate it plain that the 
shorter the wave, the loss will be the obliquity required 
to produce the necessary retardation. The maxima and 
minima of blue light must, therefore, fall nearer to the 
centre than the maxima and minima of red light. The 
maxima and minima of the other colors fall between these 
extremes. In this simple way the undulatory theory com- 
pletely accounts for the extraordinary appearance refen-ed 
to in Note 359, "When a sUt and telescope are used, in- 
stead of the slit and naked eye, the effects are magnified 
id rendered more brilliant. 

Measurement of the Waves ofliight. 

'874. We are now in a condition to solve the im- 
portant problem of measuring the length of a wave of 
light. 

375. Tlio first of our dark bauds con-esponds, na al- 
ready explained, to a difference of marginal path of one 
undulation ; our second dark band to a difference of path 
of two undulations ; our third dark band to a difference 
of three undulations, and bo forth. With a slit 1,35 * mil- 
limetre wide, Schwerd found the angular distance of the 
first dark band from the centre of the field to be 1' 38". 
The angular distances of the other dark bands are twice, 
three times, four times, etc., this quantity, that is to say, 
they are in arithmetical progression. 

37C, Draw a diagram of the slit e c with the beam 
' TLc miUiinctn; li about jV "^ ^u inch. 
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passing through it at the obliquity corresponding to the 
drat dark baud. Let fall a perpendicular frora one edge, 
E, of tho slit on the marginal ray of the other edge at d. 
The distance, c d, between the foot of this pei-pendicalsr 
and the other edge is the length of the wave of light 
From the centre e, with the width b c as radius, sappose 
a semicircle to be described ; its radius being 1.35, tiie 
length of this semicircle is readily found to be 4.248 milB- 
metres. Now, the length of this semicii-cle is to the lengtl 
odoi the wave as 180° to l'38', or as 648,000' to B8' 
Thus we have the proportion — 

648,000 : 93 :: 4.248 to the wave-length cii* 
Making the calculation, we find the wave-length for 'Coi 
particular kind of light (red), to be 0.000643 of a milli- 
metre, or 0.000026 of an inch. 

377. Instead of receiving them directly upon the retjni, 
the colored fringes may be received upon a screen. In thia 
case it Is desirable to employ a lens of considerable c<Ht- 
vergent power to bring the beam from the first slit to a 
focns, and to place the second sht or other difiracting edgS 
or edges between the focus and the screen. The light 
this case virtually emanates from the focus. 

378, If the edge of a knife be placed in the beam paral- 
lel to tho slit, the shadow of the edge upon the screen will, 
be bounded by a series of parallel colored fringes. If thft- 
light be monochromatic the bands will be simply brighd 
and dark. The back of the knife produces tho same effe 
as its edge. A wooden or an ivory paper-knife prodacaij 
precisely the same effect as a steel knife. The fringes 
absolutely independent of the character of the subsl 
round the edge of which the light is diffracted. 
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379. A thifJc wire jilaced in tlie beam iias coioi 
friugee on eacli side of its shadow. If the wire be Jit 
if a human hiiir be employed, the geometric shadow itself 
wiil be found occupied by parallel stripes. The former are 
colled the exterior fringes, the latter the interior fringes. 
In the hands of Youiig aud Fresnel all these pheii< 
received their explanation as effects of interference. 

380. A slit consists of two edges facing each otlu 
Wbeii a. slit is placed iu the beam between the focus 
tlie screen, the space between the edges is occupied 
Btripes of color. 

381. Looking at a distant point of light through a 
(HTcnlar aperture the point is seen encircled by a series 
oolored bands. If monochromatic light be naed these ban< 
are simply bright and dark, but with white light the cirol 
display iris-colors. 

882. These results are capable of endless variation b; 
varying the size, shape, and namber of the apertures 
through which the point of light is observed. The street 
lamps at night, looked at through the meahea of a hand- 
kerchief show diffi-action phononiena. The diffraction 
effects obtained by Schwerd in looking through a bird' 
feathers are very gorgeous. The iridescence of Alpii 
clouds is also an effect of difii-aclion.* 

• Thia mij bo Imitated by the spores of Ljoopodium. TLc dif 
lion pbenoiDi-Qa of " a.ctiDic clonda " are eicecdinglj splendid. Oni 
tlie most inleFesting coses of diFTraction bj smo.!! putticlcs tlint 
befbre mo was that of an artiat whose vision was diatnrbed by viviill] 
eoloTed circles. Wben he came to roe ho whs ia great dreail of Ioe 
hia diglit ; assigning as a oanae of his increased fear that the circles 
becoming larger and the colors more Ti'id. I ascribed the colors 
minate particles in the humors of the eye, and eneouraged him bjr the 
aasuiance that the increuae of size and Tividness indicated that the dif- 
fraeting paniclos wera becoming rmaUi^t and tliat they might &aa]\j be 
ftltogellier abaorbed. The prcdii'liuu was vcrilicil. It is needleas 
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383. Following out the indlcaliona of theory, PoiBBoa 
was led to the paradoxical result that in the case of on 
opaque circular disk the illumination of the centre of tlie 
ehadow, caused by diffraction at the edge of the disk, ia 
precisely the same as if the disk were altogether absent. 
This startling consequence of theory was aftei-ward veri- 
fied experimentally by Arago. 

Col(/ra of Thin Flatea. 

284. When a beam of monochromatic light — say of 
pure red, ■which is most easily obtained by absorption — 
fftUa upon a thin, transparent film, a portion of the light is 
reflected at the first surface of the film ; a portion, enters 
the film, and la in part reflected at the second surface, 

386. This second portion having croBsed the film to and 
fro ia retarded with reference to the light first reflected. 
The case resembles that of our two stones dropped into 
still water at unequal distances from the point i. (Note 
345), 

386. If the thickness of the film be such as to retard 
the beam reflected from the second surface a whole wave- 
length, or any number of whole wave-lengths — or, in other 
words, any even number of half wavo-lengths^ — the tw 
reflected beams, travelling through the same ether, will be 
in complete accordance ; they will therefore support each 
other, and make the film appear brighter than either of 
them would do taken singly. 

38V. But if the thicknesa of the fllm be such as to retard 
the beam reflected from the second surface half a wave- 
length, or any odd number of half-wave lengths, the two 
reflected beams will be in complete discordance; and a 
destruction of light will follow. By the addition of light 
nnc word on the neceeeitj of optical knowledge ia the case of the prfts- 
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which has undergone more than one reBcctlon at the second 
Bnrface to the light which has undergone only one reflec- 
tion, tha beam reflected from the first surface may be 
Uttaily destroyed. Where this total destruction of light 
occurs the film appears black. 

388. If the film be of variable tbicknesa, its various 
parts will appear bright or dark, according as the thick- 
ness favors the accordance or discordance of the reflected 
raya. 

389. Because of the dififerent lengths of the waves of 
lights the different colors of the spectrum require different 
thicknesses to produce accordance and discordance ; the 
longer the waves, the greater must be the thickneaa of the 
film. Hence those thicknesses which effect the extinction 
of one color will not effect the extinction of another. 
When, therefore, a film of variable thickness is illuminated 
by MiAife light, it displays a variety of colors. 

390. These colors are called the colors oi thin plates. 

391. The colors of the eoap-bubhle; of oil or tar upon 
water ; of tempered steel ; the brilliant colors of lead skim- 
mings ; NobUi'B metallo-chrome ; the flashing colors of 
certain insects' wings, are all colors of thin plates. The 
colors are produced by transparent films of all kinds. In 
the bodies of crystals we often see iridescent colors due to 
vacuoua films produced by internal fracture. In cutting 
the dark ice under the moraines of glaciers internal irao- 
ture often occurs, and the colors of thin plates flash forth 
from the body of the ice with extraordinary brilliancy. 

392. Newton placed a lens of small curvature in optical 
contact with a plane surface of glass. Between the lens 
and the surface he. had a flln. of air, which gradually aug- 

. mentcd in thickneaa from the point of contact outward. 
He thus obtained in monochromatic light a series of 
bright and dark riiij/s, corresponding to the ditt'erent thick- 
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nesses of the film of air, whicli prodaced alternate accori 
ance and diaoordascG. 

303, The rings produced by violet he found to be 
emaller than those produced by red, while the linga pro- 
daced by the other colors fell between these extremes. 
Hence when white light is employed, "Newton's Rings" 
appear as a succession of circular bands of color, A £ir 
greater number of the rings is visible in monocbromatin 
than in white light, because the differently-colored rings, 
after a certain thickness of fibn has been attained, become 
superposed and reblended to form white light. 

304, Newton, considering the means at his disposal, 
measured the diameters of hia rings with marvellous 
accuracy; be also determined from its focal length audita 
refractive index the diameter of the sphere of which hia 
lens formed a part. Ho found the squares of the diametera 
of his rings to be in arithmetical progression, and conse- 
quently that the thickneaaes of the film-of air correspondr 
ing to the diameters of the rings were also in arithm.etical 
progression. 

SSS. He determined tiie absolute thicknesses of tha 
plates of air at which the rings were formed. Employing 
the most Inminous rays of the spectrum, that is, the rays at 
the common boundary of the yellow and orange, he fonnd 
the thickness corresponding to the first bright ring to b" 
iWjnnr »* an inch. 

396. The entire series of bright rings were formed at 
the following successive thicknesses : 

116 IT' TTtSSTTi TTSSTTTTt IIBTIOOJ Gtc, 

and the series of dark rings, separating the bright oiiea, a 
the thicknesses 

TTffWii TTsinnri TTTinnri TTsimri ^'■*'" 
3D7. To account for the rings, Newton assumed tha 
the light particles were endowed with Jits of easy Cransmia- | 
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wion and of easy reflection. He probably figured thiiBU 
particles as endowed at the Bame time witli a motion of 
translation through space, and a motion of rotation round 
thdr own axes. If we suppose such particles to reaemblo 
little magnets which present alternately attractive and 
repulsive poles to the stirfaoe which they approach, we 
have a conception in conformity with the notion of New 
ton. 

398. According to this conception ordinary reflection 
and refraction would depend upon the presentation of the 
repulsive or the attractive poles of the particles to the 
reflecting or refracting surface. 

399. Figure then the rotating light particles entering 
the film of air between Newton's lens and plate. If the 
distance between both be such as to enable the light 
particle to perform a complete rotation, it will present at 
the second surface of the film of air the same pole that it 
presented at the first. It will therefore be transmitted^ 
and will not return to the eye. 

400. This efiect would also take place if the distance 
between the plate and lens were snch as to enable the light 
particle to perform two, three, four, etc., complete rota- 
tions. The dark rinffspf Newton were thus accounted for. 
They occurred at places where the light particles, instead 
of being sent back to the eye from the second sui-face of 
the film, were transmitted through that suriaoe. 

401. But if the thickness of the film be such as to allow 
the light particle which has entered the first surface to 
perform only haif a rotation before it arrives at the second 
surface ; then a repulsive pole will be presented to the 
latter, and the particle will be diiven back to the eye. 
The same will occur if the distance bo such as to enable 
the light particle to perform three, or five, or seven, etc, 
eemi-rotationa. 77se bright rings of Newton were thu 
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accounted for ; they occurred at places ivhere the light 
partiuleB on reaching the BccoDd siirface of the film were 
reflected back to the eye. 

402. The theory of emission is here at direct issue with 
the theory of undulation. Newton asBumes that the action 
which produces the alternate bright and dark rings takes 
place at a single sarlace ; L e., the second snrface of the 
film. The undulatory theory affirms that the rings are 
caused by the interference of rays reflected from both 
surfaceB. This has been proved to he the case. By 
employing polarized light (to be subsequently described 
and explained) we can destroy the reflection at the first 
surface of the film, and when this is done the rings vanish 
altogether. 

403. The beauty and subtlety of Newton's conception 
are, however, manifest ; and the theory was apparently 
supported by the fact that rings of feeble intensity are 
actually formed by transmitted light, and that the bright 
rings by transmitted light correspond to thickuessea which 
produce dark rings in reflected light. 

404. The transmitted rings are referred by the ud- 
dulatory theory to the interference of rays which have 1 
passed directly through the film, with others which have 
undergone two rejlectiona within the film. They are thus 1 
completely accounted for. 

Note. — ^The thickness j , a';, p j of an inch referred to in ' 
Note 396, as that corresponding to the first bright ring, ia 
onerfourth of the length of an undulation of the light em- 
ployed by Newton, Hence, in passing to and fro through 
the film, the rays reflected at the second surface are Aa^* 
an undulation behind those reflected at the first surface. 
At this thickness, therefore, the ring ought, according to 
the principles of interference, to be dark Instead of bright. 
The same remarks apply to the tliieknesFea tt^Wtti 
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n rfWiTi ^*''- i ^^° former corresiioods to a rctardatiou of 
" ree, and the latter to a retardation of five semi-iindula- 
lions. With regard to the dark rings, tho first of them 
occura at a thickness the double of which is tho length of 
a whole nudulation ; the second of them occars at a thick- 
ness which, when doubled, is equal to two wave-lengths ; 
the third at a thickness the double of which is three wave- 
lengths, Ilence, if we take ihe thickness qfthejilm alona 
into account, the bright rings ought to he dark, and the 
dark rings bright. 

But something besides thickness is to be considered 
here. lu the ease of the first surface of the film the wave 
passes from the dense ether of the glass into the rare ether 
of the air. In the case of the second surface of the film 
the wave passes from the rare ether of the air into the 
dense ether of the glass. This difierence at the two re- 
flecting surfaces of the film can be proved to be equivalent 
to the addition of half a loaoe-length to the thickness of 
the film. To the absolute thickness, therefore, as meas- 
ured by Newton, half a wave-length is in each case to be 
added ; when this is done the rings follow each other in 
exact accordance with the law of interferenoe enunciated 
in Kotes 348 to 350. 



^^K Double Refraction. 

405. In air, water, and well-annealed glass, tho Inmiuif- 
eroua ether has tho same elasticity in. all directions. There 
ia nothing in the molecular grouping of these substances 
to interfere with the perfect homogeneity of the ether, 

400. But when water crystallizes to ice, the case is 
different; here the molecules are constrained by their 
proper forces to arrange themselves in a certain determi- 
nate manner, Tliey are, for example, closer together in 
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Bome dlreotiona than in others. This arrangement of the 
molecules carries along with it an arrangement of the Bor- 
roimding ether, which causes it to possess different degrees 
of elasticity in different directions. 

407. In a plate of ice, for example, the elasticity of tho 
ether in a direction perpendicular to the surfaco of fi-eezing 
is different from its elasticity la a direction parallel to the 
same surface, 

408. This difterenee is displayed in a peculiarly strik- 
ing manner by Iceland spar, which is crystallized oai^ 
bonate of lime; and in consequence of tlie exletence of 
these two different elasticities, a wave of Ught passing 
throQgh the spar is divided into two ; the one rapid, oop- 
responding to the greater elasticity, and the other slow, 
corresponding to the lesser elasticity. 

409. Where the velocity is greatest, the refraction is 
least ; and where the velocity is least the refraction is 
greatest. Hence in Iceland spar, aa we have two waves 
moving with different velocities, we have double refrao- 
Hon, 

410. This is also true of the greater number of crys- 
talline bodies. If the grouping of the molecules be not 
in all directions alike, the ether will not be in all direc- 
tions equally elastic, and double refraction will infallibly 
result. 

411. In rock-salt, alum, and other crystals, this homo- 
geneous grouping of the molecules actually occurs, and 
such crystals behave like glass, water, or air. 

412. In certain doubly refracting crystals the molecules 
are arranged in the same manner oa all sides of a certain 
direction. For example, in the case of ice the molecular 
arrangement is the same all round the perpendiculars to 
the surface of freezing, 

413. In like manner, in Iceland spar the molecules are 
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arranged symmetrically roiimi the crystallographic axis, 
that IB, round the shortest diagonal of the rhomb into 
vhiclL the crystal may be cloven.* 

414. When a beam of light passes throngh ice per- 
pendicular to the surface of freezing, or through Iceland 
Bpar parallel to the crystallographic axis, there ia no 
double refraction. Theee cases are representative; that 
is to say, there is no double refraction in the direction 
round which the molecular arrangement is in all directions 
Che same, 

415. This direction of no doable refraction is called (Ae 
optie axis of the crystal. 

Note. — The vibrations of tlie ether being transverse 
to the direction of the ray, the elasticity which determines 
the rapidity of transmission is that at right angles to the 
ray's direction. In Iceland spar the velocity ia slowest 
in the direction of the axis ; hence the elasticity at right 
angles to the axis ia a minimum. The ray, on the other 
hand, whose vibrations are executed along the axis is the 
most rapid ; hence the elasticity of the ether along the 
axis is a maximum. In perfectly homogeneous bodies 
the surface of elasticity would be spherical; it would be 
measured by the same length of radius in all directions. 
In the case of Iceland spar the surface of elasticity is an 
ellipsoid whose longer axis coincides with the axis of the 
crystal. 

" Tlio armngcmtnt of the molecuIeB is such, thut Iceland Bpir marj 
be cIoTcn with groat nud equal fusility in three diflbrent directione. The 
plana ofdcajiagu are hero ublique to each other. Bock-sult also cleaves 
rosdilj and Oiiually in threo directigna, tho planes of cleavaga being st 
right aoglcB to each other. Hence, while rook-salt cleaves into mbm, 
[celand apar clcavos into rhomU. Many cryatala cleave with different 
bdllitiea in dilTercat directions. Sclcuitc and cr^BtaJIized sugar {sugar- 
OUldj) are esajuplcs. 
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Pheno7nena presented by Iceland Spc 

416. Tlie two beams into whicli the incident lieam ia 
divided by the spar do not behave alike. Oue of them 
obeys the ordinary law of refraction; its index of refrac- 
tion is perfectly constant and independent of ita directioa 
through the crystal. The angles of incidence and refrac- 
tion are in the same plane, as in the case of ordinary re- 
fraction. The ray which behaves thus is called the ordi- 
nary ray. In its case the sine of the angle of incidence 
is to the sine of the angle of refraction, or the velocity of 
light in air ia to its velocity in the crystal, in the constant 
ratio of 1.654 to 1. The number 1.654 is the ordinary 
ind^ of Iceland spar. 

417. But the other beam acta differently. Its index 
of refraction is not conslaut, nor is the angle of refraction 
as a general rale in the same plane as the angle of inci- 
dence. The ray which behaves thus is called the extraor- 
dinary ray. If a prism, be formed of the spar with its 
refracting angle parallel to the optic axis, when the 
incident beam traverses the prism at right angles to the 
optic axis, the separation of its two parts is a maseimMm, 
Here the full difference of elasticity between the axial 
direction and that perpendicular to it comes into play, 
and the extraordinary ray suffers its minimum retarda- 
tion, and therefore its minimum refraction. Its refractive 
index ia then I.4S3. 

418. The index of refraction of the extraordinary ray 
varies with its direction through the crystal from 1.483 to 
1.654. The minimum value of the ratio of the two sines, 
or of the two velocities, viz., 1.483, is called the eietraordir 
nary index. 

419. When a amall aperture through which light 
passes is regarded through a rhomb of Iceland spar two 
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apertures are seen. If the rbomlj be placed over a black 
dot on a sheet of white paper, two dots will be seeu ; and 
if the spar be turned, one of the images of the aperture or 
of the dot will rotate round the other. 

i20. The rotating image is that formed by the ci- 
Iraordioary ray. 

421, One of the two images of the dot is also nearer 
than the other. The ordinary ray behavea as if it came 
from a more highly refractive medium, and the greater 
the refraction the nearer must the imago appear. The ap- 
parent shallowness of water is referred to in Notes 131 
and 132. With bisulphide of carbon the shallowncBS 
would be more pronounced, because the refraction is 
greater. In Iceland spar the ordinary index bears nearly 
the same relation to the extraordinary as the index of 
bisulphide of carbon to that of water; lience the ordi' 
nary image must appear nearer than the extraordinary 
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422. Brewster showed that a great number of crystals 
lessed two optic axes, or two directions on which a 

lam passes through the ciystal without division. Crys- 
tallized sugar, mica, heavy si>ar, sulphate of lime, and topaz, 
are examples, 

423, Thus crystals divide themselves into — 

1 Single refracting crystals, such as rock-salt, alum, 
fluor-spar; and 
n. Double refracting crystals, of wliich we have two 

Uhiaxal crystals, or those with a single optic axis, 

ti as Iceland spar, rock-cryatal, and tourmaline ; and — 

I crystals, or those which possess two optic 

I, such as arragonite, felspar, and those mentioned in 
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424. W)ieii OH a plate of Iceland spar cut perpen- 
dicolar to the axis, a beam oi' light falls obliquely, the 
ordinary ray being the more refracted is nearer to the 
axia than the extraordinary. The extraordinary ray is as 
it were repelled by the axis. But Biot showed tliat there 
are many crystals in which the reverse occnrs, in which, thai 
is to say, the extraordinary ray ia nearer to the axis thao 
the ordinary, being as it wara attracted. The former dass 
he called repulsive or negative crystals ; Iceland spar, ruby, 
sapphire, emerald, beryl, and tourmaline, being examples. 
The latter class he called attractive or positive crystals, 
rock-crystal, ice, zircon, being examples. 

Tlie Polarization ofjjight. 

425. The doable refraction of Iceland spar was dis- 
covered by Erasmus BarthoUnus, and was first described 
by him in a work published in Copenhagen in 1CQ9. The 
celebrated Hnyghena sought to account for the phenome- 
non on the principles of a wave theory, and he succeeded 
in doing so. 

426. In his experiments on this subject, Huygbens 
found that when a common luminous beam passes through 
Iceland spar in any direction save one (that of the optic 
axis), it is always divided into two beams of equ,al intenai- 
ty ; but that when either of these two half-beams is sent 
through a second piece of spar, it is usually divided into 
two of unequ(d intensity ; and that there are two posi- 
tions of the spar in which one of the beams vanishes alto* 

427. On turning the spar round this position of absolute 
disappearance, the missing beam appeared ; its companion 

time becoming dimmer; both of them then 
gh ft phase of equal intensity, and when the 
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rotation was contmued, the beam wMuh vae Urst trans- 
mitted disappeared. 

428. Reflecting on this experiment Kewton came to 
the conclusion tiiat the divided beam bad acquirod sides 
by its passage throngh the Iceland spar, and that its inter- 
ception and transmission depended on the way on which 
those Bides presented themselves to the molecalea of the 
eecond crystal. He compared this twosidiklnees of a beam 
of light to the Iwo-ertdedness of a magnet known as its 
polarity; and a luminous beam eshibiting this two-sided- 
nesB was afterward said to be polarized. 

429. In 1808, Mains, while looking through a biro- 
fracting prism at one of tho windows of the Luxembourg 
Palace, from which tho solar light was reflected, found 
that in a certain position of the spar, the ordinary image 
of the window almost wholly disappeared; while, in a 
position perpendicular to this, the extraordinary image 
disappeared. He discerned the analogy between this 
action and that discovered by Huyghena in Iceland spar, 
and came to the conclusion that the effect was Uue to 
some new property impressed upon the light by its reflec- 
tion from the glass. 

430. What is this property ? It may be moat simply 
studied and understood by means of the crystal called 
tourmaline. This crystal is birefractive ; it divides a 
beam of light incident upou it into two, but its molecular 
grouping, and the consequent disposition of the ether 
■within it, are such that one of these beams is rapidly 
quenched, while the other is transmitted with comparative 

^ 431, It is to be bome in mind that the motions of the 
Bividual ether particles are transverse to the direction in 
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bemn of ordinoiy light the vibrations occur in all dlreo- 
tions round tTte line of propagation. 

432. The chaoge Buffered by light in passing through 
a plato of toarmaline, of suificieDt thickness, and cut paral- 
lel to the axis ie this : All vibrations Bave those executed 
parallel to the axis are quenched within the crystal. Hence 
the beam emergent from the plato of tourmaline has allits 
vibrations reduced to a single plane. In thla condittoa it 
is a beam o/ plane polarized light. 

433. Imagine a cylindrical beam of light with all its 
ether particles vibrating in the same direction — say hori- 
zontally — looked down upon vertically, the ether particles, 
if large enough, would be seen performing their exouraions 
to aud fro across the direction of the beam. Looked at 
croaswise horizontally, the particles would be seen ad- 
vancing and retreating, but their paths would be invisible, 
every ether particle covering its own path. In the one 
case we should see the lines of excursion ; in the otlier case, 
the ends of the lines only. In this, according lo the 
undnlatory theory, couatsts the tieosidednesa discovered 
by Huyghenf, and commented on by Newton. 

Polarization of Light by Selection. 

434. The quality of two-sidedness is also impreased 
upon light by reflection. This ia the great discovery of 
Mains. A beam reflected from glass is in part polarized 
at all oblique incidences, a portion of its vibrations being 
reduced to a common plane. At one particular incidenoe 
the beam is perfectly polarized, all its vibrations being 
reduced to the same plane. The angle of incidence which 
corresponds to this perfect polarization is called the _pofaw* 
izing angle. 

435. The polarizing angle is connected with the . 
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of refraction of the medium by a very beautiful law dis- 
covered by Sir David Brewster.* When a lumiiiouB beam 
is incident upon a transparent BubBtauce, it is in pari 
reflected and in part refracted. At one particular inci- 
dence the reflected and refracted portions of the beam are 
at right angles to eaeh other. The angle of iucidcDCc is 
then the polarizing angle. This is the geometrical cxpreit- 
sion of the law of Brewster. 

436. The polarizing angle augments with the retractive 
index of the medium. For water it is 53", for glass 58", 
and for diamond 68°. 

437. ThnH a beam of ordinary light, whose vibrations 
are executed in all directione, impinging upon a plate of 
glass at the polarizing angle, has, after reflection, all iUi 
■vibrations reduced to a common plane Tlie direction of 
the vibrations of the polarized beam is parallel to the polar- 
izing surface. 

438. Let a beam thus polarized by reflection at the 
Burface of one plate of glass impinge npon a second plat* 
at the polarizing angle. lu one position of this plate tlio 
beam suffers its maximum reflection. In a certain other 
position the beam is -wholly transmitted, there is no reflec- 
tion. In this experiment the angle of incidence remains 
unchanged, nolliiug being altered save ths side of the ray 
which strikes the reflecting surface. 

439. The reflection of the polarized beam is a maxi- 
mum when the lines along which the ether particles vibrato 
&JK parallel to the reflecting surface. It is wholly trans- 
mitted when the lines of vibration strike the reflecting 
surface at the polarizing angle. The reflection is then 
zero. By taking advantage of this fact, the reflection 
from the first surface o^ a thin film has been abolished, 

* The index of refraction at the medium a tlie tangent at tba poIu> 
iiing angle. 
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Newton's rings being thereby rendered incapable of foiv 
matioD, as stated iu Note 402, 

440. A beam -wliicb meets the first surface of a plate 
of glass with parallel sides at the polarizing angle meets 
the second surface also at its polarizing angle, and is in 
part reflected there perfectly polarized. Hence, by aug- 
menting the number of plates, the repeated reflections at' 
their limiting surfaces furnish a polarized beam of greater 
intensity than that obtained by reSection at a single 
sui-face. 

I'olarlzation ofLiglU by Me/raclion. 

441. We have hitherto directed our attention to the 
ri^eoted portion of the beam ; but the refracted portion^ 
which enters the glass, is also partially polarized. The 
quantities of polarized light in the reflected and refracted 
beams are alieays equal to each other. 

442. The plane of vibration in tbo refracted beam is at 
rigJit angles to that in the reflected beam, 

443. When several plates of glass are placed parallel 
to each other, and a beam is permitted to fall upon them 
at the polarizing angle, at every passage from plate to 
plate a portion of the light is reflected polarized, an eqnal 
portion of polarized light entering the glass at the same 
time. By duly augmenting the number of plirtes, the 
polarization by the successive refractions may be ren- 
dered sensibly perfect. When this occurs, if any further 
plates be added to the bundle, reflection entirely eeaaes at 
their limiting surfaces, the beam afterward being wholly 
transmitted. 

Folarisation of Light by Dotible Refraction. 

444. In the case last considered the light was polarized 
hy ordinary refraction. The polarization of light by doable 
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I refraction has been alreaiiy touched upon in Notes 432 
and 433. We shall now extend our examination of the 
crystal of tourmaline there refeiTod to, and turn it to ac- 
count in the esamination of other crystals. 

445. If a beam of light which has passed through one 
plate of tourmaline impinge upon a second plate, it will 
pass through both, if the axes of the two plates be paraUd. 
But if they are perpendicular to each other, then the light 
transmitted by the one is quenched by the other, dark- 
ness marking the space where the two plates are super- 
posed. 

446. If the two axes be oblique to each other, a portion 
of the light will pass through both plates. For, in a 
manner similar to the resolution of forces in ordinary me- 
chanics, an oblique vibr-ition may be resolved into two, 
one parallel to the axis of the tourmaline, the other per- 
pendicular to the axis. The latter component is quenched, 
but the former is transmitted. 

447. Hence if the axes of two plates of tourmaline be 
perpendicnlar to each other, a third plate of tourmaline 
introduced obliquely between them, or a plate of any other 
crystal which acts in a manner similar to the tourmaline, 
will transmit a portion of the light emergent £i"0m the 
first crystal. The plane of vibration of this light being 
oblique to the axis of the second crystal, a portion of the 
light will also pass through the latter. By the intro- 
duction, therefore, of a third crystal, with its axis obliqae, 
we abolish in part the darkness of the space where the two 
rectangular plates are superposed, 

Eca/mination of Light transmitted through Iceland Spar. 

448. "We have now to examine, by means of a plate 

Co parts into which a luminous beaoi^^^^B 
ige through Iceland spar, ^^^^H 
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449. Confining our attention to one of the two bcama,, 
it is immediately found that in a certain position of th« 

plate the light ia freely transmitted, while in the pep- 
pendicular position it is completely stopped. This proyen 
the beam emergent from the spar to he polarized. 

450. From the position of the tourmaline we can 
mediately infer the direction of vibration in the polarized 
beam. If transmission occur vhen the axis of the plata 
of tourmaline is vertical, the vibrations are vertical ; if 
transmiBsion occur when the tourmaline is horizontal, the 
vibrations are horizontal. The same mode of inveatig^ 
tion teaches us that the second beam emergent &om th^ 
spar is also polarized, 

451. The vibrations of the ether particles in the twc 
beams are executed in planes which are at right angles to 
each other. If the vibrations in the one beam be vertical, 
in the other they are horizontal A plate of tourmaline 
with its axis vertical transmits the foi-mer and quenches 
the latter; while the same plate held horizontally, cLuenches 
the former and transmits the latter. 

452. A tourmaline plate placed with its axis vertical, 
in front of the electric lamp, has its image cast by a lens 
upon a screen. A piece of Iceland spar, with one of its 
planes of vibration horizontal and the other vertical, 
placed in front of the lens divides the beam into two, and 
yields two images of the tourmaline. One of these imager 
is bright, the other is dark. The reason is, that in the 
light emergent from the tourmaline the vibrations aro 
vertical, and they can only be transmitted through the 
spar in company with its vertically vibrating beam. In 
the horizontally vibrating beam the tourmaline must ap- 
pear blaclc 

453. It ia also blacit if the light emergent from it, and 
surrounding it, meet, at the polarizing angle, a plate of 
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J wlioae plane of reflection is vertical; while it ia 
^ht when the light ia reflected horUo7itaUy, These 
beta are consequences of the law of polariKition by re- 



454. Not only do crystallized bodies possess this 
power of double refraction and polarization; bnt all bodies 
whose atomic grouping is such as to cause the ether with- 
in them to possess different elasticities in different direc- 
tions do the Bamo. 

455. Thus organic Btnictures are usually double re- 
fracting. A double refracting structure may also be con- 
ferred on ordinary glass by either strain or pressuro. 
Str^ns and pressures due to unequal heating also produce 
double refraction. TJnanuealcd glass behaves like a crys- 
tal. A plate of common window-glass, which under ordi- 
nary circumstances shows no trace of double refraction, if 
beated at a single point, is rendered doubly refractive by 
the strains and pressures propagated ronn<i the heated 
point. The introduction of any of these bodies between 
the crossed plates of tourmaline partly abolishes the dark- 
ness caused by the superposition of the plates. 

456. Two plates of tourmaline, between which bodies 
may be introduced and examined by polarized light, con- 
stitute a simple form of the polarisc(q>e. The plate at 
which the light first enters is called the polarizer, while 
the second plate is called the analyzer. 

457. But the tourmalines are small, usually colored, 
and under no circnmstances competent to furnish an in- 
tense beam of polarized light. If one of the parts into 
which a prism of Iceland spar divides a beam of light 
could be abolished, the remaining beam would be polar- 
ized, and, because of the transparency of the spar, it 
would be far more intense than uny beam obtainable from 
tourmaline. 
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4G8. This lias bcoa accomplished with great skill by 
Nicol. He cut a long parallel opiped of spar into two by 
a very oblique section; polished the two surfaces, and 
united them by Canada balsam. The refrangibility of 
the balsam lies between those of the ordinary and the ex- 
traordinary rays in Iceland spar, being less than the 
former and greater than the latter. When, therefore, a 
beam of light is sent along the parallelopiped, the ordi- 
nary ray, to enter the balsam, must pass from a denser to 
a rarer medium. In consequence of the obliquity of its 
incidence il is totally reflected, and is thus got lid ot 
The extraordinary ray, on the contrary, in passing from 
the spar to the balsam passes from a rarer to a denser 
medium, and is therefore transmitted. In this way we 
obtain a single intense beam of polarized light {read Noted 
123, 141, and 142). 

469. A parallelepiped prepared in the fashion here de- 
scribed is called a NicoPa prism. 

460. Nicol's prisma are of immense use in experiments 
on polarization. With them the best polariseopea are 
constructed. Reflecting polariseopea are also constructed, 
consisting of two plates of glass, one of which polarizes 
the light by reflection, the other examining the light so 
polarized. The beam reflected from the polai-izer is in this 
ease reflected or quenched by the analyzer according as 
the planes of reflection of the two mirrors are parallel or 
at right angles to each Other. 

Colors of Double-refracting Cryatah in Polarized Idghi. 

461. A large class of these colors maybe illustrated 
and explained by reference to the deportment of thin 
plates of gypsum (crystallized sulphate of lime, commonly 
called selenite) between the polarizer and analyzer of the 
polar iscope. 
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462. The crystal cleaves with great Jreedom in one 
direction ; it cleaveB with less freedom in two others ; the 
latter two cleavages are also unequal. In other words, 
gypsum possesses three planes of cleavage, no two of 
which are eqnal in value, hut one of which particularly 
signalizes itself hy its perfection. 

463. By following these three cleavages it is easy to 
olttain from the crystal diamond-shaped lamineo of any re- 
quired thinness. 

464. The crystal, as might be expected from the char- 
acter of its cleavages, is douhle-refracting. A beam of 
ordinary light impinging at right angles on a plate of 
gypsum, whose surfaces are those of most perfect cleavage, 
has its vibrations reduced to two planes at right angles 
to each other; that is to say, the beam whose ether, prior 
to entering the gypsum, vibrates in all transverse direc- 
tions, after it has entered the gypsum, and after its 
emergence from it, vibrates in two rectangular directions 
only. 

465. The elasticity of the ether ia different in these 
two rectangular directions ; consequently the one beam 
passes more rapidly through the gypsum than the other. 

466. In refracting bodies generally the retardation of 
the light consists in a diminution of the wave-length oi 
the light. 27ie rate of vibration is nnchauged during 
the passage of the light through the refracting body. 
The case is exactly similar to that of a musical sound 
transmitted from water into air. The velocity is reduced 
to one-fourth by the transfer, because the wave-length ia 
reduced to one-fourth. But the pitch, depending as it 
does on the number of waves which reach the ear in a 
second, is unaltered. 

467. Becaase of the difference of elasticity between 
the two rectangular directions of vibr.ition in gypsum, the 
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waves of etbor in the one directiou arc more shortened 
than in the other, 

468. Id the esperimentB with a plato of gypsuni now 
to be described and explained, we shall employ ae polu- 
Leer a piece of Iceland spar, one of whoso beams is in- 
tercepted by a diaphragm. A Nicol'a prism ahall be ow 
analyzer. 

469. When tho plants of vibration of the spar and 
of the Nlcol coincide, the light passes through both aiul 
may be received upon a screen. When the planes o£ 
vibration are at right angles to each other, the light emer^ 
gent from the spar is intercepted by the Niool, and tha 
Boreen is dark. 

470. If a plate of selenite be placed between tha 
polarizer and analyzer, with either of its planes of vibra- 
tion coincident with that of the polarizer or analyzer, it 
prodnces no change upon the screen. If the ecreen be 
light, it remains light ; if it be dart, it remains (lark after 
the introdnetion of the gypsum, which here behaves lite 
a plate of ordinary glass. 

471. Let us assume the screen to he dark. Interpos- 
ing a thick plate of gypsum with its directions of vibra- 
tion oblique to that of the polarizer or aualyzer, white light 
reaches the screen. If the plate be thin, the light which 
reaches the screen is colored. If the plate be of uniform 
thickness, the color is uniform. If of different thicknesses, 
or if in cleaving thin scales cling to the surface of the filni , 
some portions of the plate will be differently colored from 
the rest. 

472. When thick plates are employed, the different 
colors, as in the case of thin plates, are superposed, and re- 
blended to white hght. 

473. The quantity of light which reaches the eye is a 
maximum when tho planes of vibration of the 




encloBe an angle of 45° willi those of the polari: 
ajialyzer. 

474. If the plate of selenite be a thin wedge, and if tlie 
light be monochromatic, say red, alternately bright (red) 
and dark bands are thrown upon the screen. 

475. If, instead of red light, bine be employed, the 
blue bands are fonnd to occur at smaller thicknesses than 
those which produced the red : other colors occur at inter- 
mediate thicknesses. Hence when white light is employed, 
instead of bands of brightneaa separated from each other 
by bands of darkaena, we have a serieB of iris-colored 
bands. 

476. If, instead of a wedge gradually augmenting iu 
thickness from the edge toward the back, we employ a disk 
graduEtlly augmenting in thickness from the centre out- 
ward ; instead of a series of parallel bands we obtain under 
similar circumstances, in white light, a series of concentric 
iris-colored circles. 

477, Here, then, we have in the first instance a beam 
of plane polarized light impin^ng on the selenite. The 
direction pf vibration of this beam is resolved into two 
others at right angles to each other; namely, into the 
two directions in which the ether vibrates within the crys- 
tal. One of these systems of waves is retarded with refer- 
ence to the other. 

478, But as long as the raya vibrate at right angles to 
each other, they cannot interfere so as to augment or di- 
minish the intensity. To effect such interference the rays 
must vibrate in the same place. 

479, The function of the analyzer is to reduce the two 
rectangular wave-systems to a single plane. Here the 
effect of retardation is at once felt, and the waves conspire 
or oppose each other according as their vibrations are in 
the same phase or in opposite phages. 
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480. When the vibration planes of the polarizer and 
analyzer are parallel, a thicknesM of the gypsam crystal 
which prodnces a retardation of half an undulation causes 
the light to be extinguished by tlie analyzer, 

481. When the polarizer and analyzer are crosaed, a 
retardation of half an undulation, or of any odd nninl>eT 
of half undulations, within the crystal does not produce 
extinction when these vibrations are compounded by the 
analyzer. A retardation of a whole undulation, or of any 
number of whole undnlat Jona, produces in this case extino- 
tion. This, when followed out, is a plain conBequence of 
the composition of the vibrationa, 

482. Expressed generally, the phenomena exhibited by 
the parallel and crossed polarizer and analyzer are ( 
plementary. If the field be dark when they are crossed, 
it is bright when they are parallel. K the field be gr^en" 
when they are crossed, it ia red when they are parallel 
if yellow when they are crossed, it is blue when they are: 
parallel. Thus a rotation of 90° always brings out the 
complementary color. 

483. If instead of the Nicol wo employ a birefraoting 
prism of Iceland spar, the colors of the selcnite produced 
by the two oppoaitely-polarized beams will be comple- 
mentary. The overlapping of the two colors always prfr 
duces iohite. Any other double-refracting Bubstanc^. 
whether crystallized, organized, mechanically pi-esaed or 
strained, exhibits, on examination by polarized light, phe- 
nomena similar to those of the gypsum. 

484. A common beam of light ia equivalent in all ita 
effects to two beams vibrating in two rectangular planeB. 
As two such beams cannot interfere, we cannot have tbfti 
colors of the selenite in common light. 
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Rings surrounding the Axes of dystah i)t Polarized 
Zdff/U. 

485. A pencil of rays passing along the axis through 
Tcelfind spar suffers no division ; but if inclined to the axis, 

however slightly, the pencil is divided into two, which 
vibrate in rectangular planes, and one of which is more 
retarded than the othec 

486. If the incident light be poIariKed, on quitting the 
spar, oblique to the asis, it will be in a condition simitar 
to the light emergent from the plates of gypsum already 
referred to. When two rectangular vibrations, passing 
through the same ether, are reduced to the same plane by 
the analyzer, interference occurs ; the two rays either con- 
spiring or opposing each other. 

4S7. "Whether they conspire or not depends upon the 
amount of relative retardation, and this again depends 
upon the thickness of the spar traversed by the two rays. 
If they conspire at a certain thickness they will also con- 
spire at twice that thickness, thrice that thickness, etc. 
Those ihickuesaes at which the r.iys conspire are separated 
by others at which they oppose eas^h other. 

488. With a conical beam whose central ray passes 
along the axis, the effects are symmetrical all roimd the 
axis ; and when the crystal, illuminated by snch a ray, ia 
examined by monochromatic polarized light, we have a 
series of bright and dark circles sorrouuding the axis. 

489, When the liglit is red the circles are larger than 
when the hght is blue ; the smaller the wave-length the 
smaller are the circles. Hence, since the different colors 
are not superposed, when wAite light ia employed instead 
of bands of alternate brightness and darkness we have a 
series of iris-colored circles. 
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Wben tlie polarizer and analyzer are crossed the ays- 
tern of bands is intersected by a black cross, whose arms 
are parallel to the planes of vibration in tbo polarizer and 
analyzer. Those rays, whose planes of vibration within 
the crystal coincide with the planes of either the polarizor 
or analyzer, cannot get through either, and their complete 
interception forms the two arms of the cross. Those rayB 
whose planee of vibration enclose an angle of 46° with 
that of the polarizer or analyzer produce the greatest effect 
when they conspire. At this inclination the bright ring 
is at ita maximum brilliancy, from which, right and left, 
it becomes more feeble, imtU it finally merges into the 
darkness of the cross. 

490. A rotation of 90° produces here, as in other cases, 
the complementary phenomena : the black cross becomes 
white, and the circles change their tints to complementary 
ones. 

491. In crystals possessing two optic axes a series 
iris-colored bands surround both axes, each band forming 
a curve, which its discoverer, James Bernoulli, called a 
lemniacata. 

EUiptio and Circular Polarisation. 

492. Two rays of light vibrating at right angles to 
each other, however the one system of vibrations may be 
retarded with reference to the other, cannot, as already 
stated, interfere so as to produce either an increase or a 
diminution of the light. 

493. But though the intensity remains unchanged, the 
rays act upon each other. If one of them differs &om tbs 
other by any exact number of semi-undulations, the two 
rays are compounded to a single rectilinea/r vibration, Ib 
all other cases the resultant vibration is eUijjtical/ in one 
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particular case the ellipse in which the individual particles 
of ether mOTe ia converted into a circle. This occurB when 
one of the eystema of waves ia an exact quarter of an 
undulation behind the other ; we have then circular polar- 
ization. 

494. This oorapoimdiiig of ethereal vibration ia me- 
chaaically the same as the compounding of the vibratioDs 
of an ordinary pendulum ; or as the cotnpnanding of the 
vibrationa of two reetangulai" tunmg-forkB by the method 
of LiBsajous.* 

495. Elliptic polarization ia the rule and not the excep- 
tion. It is particularly manifeated in reflection from 
metals, and from transparent bodies which posaesa a high 
index of refraction, Jamin has detected it in light reflected 
from all bodies. 



Motary Polarization. 
400. A polarized ray of monochromatic light, as al- 
ready stated, suffers no change during ita tranamiaaion 
through Iceland spar in the direction of the optic axis, 

497. But if transmitted through rock-cryital (quartz) 
in the direction of the optic axis, ita plane of vibration ia 
turned by the crystal. Supposing the polarizer and ana- 
lyzer of the polariecope to be crossed so aa to produce 
perfect darkness before the crystal ia introduced between 
tbem, on its introduction light will pass, and to quench 
the light the analyzer must be turned into a new position. 
The angle through which the analyzer ia turned measures 
the rotation oftheplant of vibration. 

498. Some specimens of rock-eryatal turn the plane of 
vibration to the right, and others to the left. The formei 
»re called right-handed and the \a.it<iT left-handed HTjatfAt, 

* See Lcdura on Bound, lat ed., p. 307. 
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Sir John Herschel connected this optical difference with a 
visible difference of cryfitullioe form. 

490. In the celebrated experiment of Faraday, with a 
bar of heavy glass, the plane of vibratiou was caused to 
rotate both by a magnet and an electric current ; the 
direction of rotation bearing a constant relation to the 
polarity of the magnet and to the direction of the correnC 

500. The snbjcct of rotary polarization was examined 
with great care and completeoess by Biot, and he eetah- 
lished certMn laws regarding it, two of which may ho 
enunciateil here : 

1. The amount of the rotation ia proportional to the 
tUickniJsa of the plate of rock-crystal 

2. The rotation of the jilane of vibration is differeot 
for the different rays of the spectrum, increasing with the 
refrangibility of the light. 

Thus with a plate of rock^irystal one millimetre thick, 
lie obtained the following rotations for the mean rays of 
the respective colors of the spectrum : 

Red, 19°. I Green, 28°. I Indigo, 36". 

Orange, 21°. Blue, 33°. Violet, 41°. 

Yellow, 23°. 



With a plate two millimetres in thickness the rotation for 
red is 38° and for violet 82°. 

501. Since, then, the rays of different colors emerge 
from the rock-crystal vibrating in different planes, whea 
such light fells upon the analyzer that color only whose 
plane of vibration coincides with that of the analyzer will 
be transmitted. By turning the analyzer we allow the 
other colors to pass in succession. 

502. The phenomena of rotary polarization are pro- 
duced by the interference of two circularly-polarised pen^ 
cih of light, whieli are propagated along the axis " 



tmeqnal velocities, the one i-evolving from left to rigbt^V 
and tlie other revolving in the opposite direction.* 



CoxcLvsros". 

I have endeavored in these leoturea to bring bcfoifll 
you the views at present entertained by all eminent 8ciea>.fl 
tific tbinkers regarding the nature of light. I have en-n 
deavorcd to make as clear to yon as possible that boM 
theoiy according to which space is filled with an elastic 
Hubatancc capable of transmitting the motions of light and 
heat. And consider how imposeiblo it is to escape from 
this or some similar theory — to avoid ascribing to light, 
in space, a material basis. Solar light and heat require 
about eight minutes to travel from the sun to the earth. 
Daring this time the light and heat are detached from 
both. Enclose, in idea, a portion of the intervening space 
— say a cubic mile of it — occupied for a moment by light 
and heat. Ask yourselves what they are. The first in- 
quiry toward a solution is, What can they do ? We only 
know things by their effects. What, then, are the effects 
which this cubic mile of light and heat can produce? At 
the eartii, where we can operate upon them, we find them 
capable of producing motion. We can lift weights with 
them ; we can turn wheels with them; we can urge locomo- . 
lives with them; we can fireprojectiles with them. What J 
other conclusion can yon come to than that the light and | 
heat which thus produce motion are themselves motions f \ 

One cubic mile of space, then, is for a measurable time 
the vehicle of motion. But is it in the human mind to 
imagine motion without at the same time imagining some- J 

■ See Lloyd, Warn TAeoi-y, p. 189, etc. 
t Sir William Thom^nn has nltampled to calculate " 
ralne of a cubic laile of sunlight." 
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thing moved? Certainly not. The very conception of 
motion necessarily includes that of a moving body. What, 
then, is the thing moved in the case of our cubic mile of 
sunlight? The undulatory theory replies that it ia a sub- 
stance of determinate mechanical properties, a bodywhich 
may or may not be a form of ordinary matter, but to 
■which, whether it is or not, we give the name of ether. 
Let us tolerate no vagueness here ; for the greatest dis- 
service that could be done to science— the surest way to 
give error a long lease of life— -ia to enshroud scientific 
theories in vagueness. The motion of the ether com- 
municated to material substances throws them into mo- 
tion. It is, therefore, itself a material substance, for ws 
have no knowledge that in nature any thing but a material 
substance can throw other matei-ial substances into mo- 
tion. Two modes of motion are possible to the ether. 
Either it is shot through space as a j/rojeetile., or it is the 
vehicle of wave-motion. The projectile theory, though 
enunciated by Newton, and supported by such men as 
Laplace, Biot, Brewster, and Mains, has hopelessly broken 
down. Wave-motion, then, of one kind or another, we 
must fall back upon. But how does the Wave Theory 
account for the phenomena? Throughout the greater 
part of these lectures we have been answering this qnee- 
tion. The cases brought before you are repreaetitoHve. 
Thousands of facts might be cited in illustration of eacll 
of them, and not one of these facts is left unexplained by 
the undulatory theory. It accounts for all the phenomena 
of reflection; for all the phenomena of refraction, single 
and double ; for all the phenomena of dispersion ; for all 
the phenomena of difiraction ; for the colors of thick plates 
and thin, as well as for the colors of all natural bodies. It 
accounts for all the phenomena of polarization; for all 
those wonderful affections, those chromatic splcndore ex 
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hibited by crystuls in polarized ligljt. ThouBands of iso- 
lated facta might, aa I have said, be ranged nnder each 
of these heads ; the undulatory theory accounts for them 
all. It traces out illuminated paths through what would 
otherwise be the most hopeless jungle of phenomena in 
which human thought could be involved. This is why 
the foremost men of the age accept the etber not as a 
vague dream, but aa a real entity — a substance endowed 
with inertia, and capable, in accordance with the estab- 
lished laws of motion, of imparting its thrill to other sub- 
Btaaees. K there is one conception more firmly fixed in 
modem scientific thought than another, it is that heat is 
a mode of motion. Ask yourselves bow the vast amount 
of mechanical energy actually transmitted in the form 
of heat reaches the earth from the sun. Matter must bo 
its vehicle, and the matter is according to theory the 
Inminiferous ether, 

^^H^omas Young never saw with bis eyes the waves of 
^^Ppiid; but he had the force of imagination to picture 
tnem and the intellect to investigate them. And be rose 
from the investigation of the unseen waves of air to that 
of the unseen waves of ether ; his belief in the one being 
little, if at ail, inferior to his belief in the other. One ex- 
pression of his will illustrate the perfect definiteness of 
bis ideas. To account for the aberration of light he 
thought it necessary to assume that the ether which en- 
compasses the earth does not partake of the motion of our 
planet through space. His words are; "The ether passes 
through the solid mass of the earth as the wind passes 
through a grove of trees." This bold assumption has 
been shown to be unnecessary by Prof Stokes, who proves 
lat, by ascribing to the ether properties analogous to 
jee of an elastic solid, aberration would be accounted 
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for, without Guppoeing tlie earth to bo thus permeabla 
Stokes believes in the ether as firmly as Young did. 

I may add, that one of the most refini'd ciperimeuters 
In France, M, Fizeau, who is also a a member of the Insti- 
tute, undertook to determine, Bomo years ago, whether a 
moving body drags the ether along with it in its motion. 
His conclusion is, that part of tlie ether adheres to the 
molecules of the body, and ib transferred along with 
them. This conclusion may or may not be correct ; but 
the mere fact that such experimenta were undertaken by 
such a man illustrates the distinctness with which this 
idea of an ether is held by the most eminent scientific 
workers of the age. 

But while I have endeavored to place before you with 
the utmost possible clearness the basis of the undulatory 
theory, do I therefore wish to close your eyes against any 
evidence that may arise of its incorrectnesB ? Far from 
it. Ton may say, and justly say, that a hundred years 
ago another theory was held by the most eminent men, 
and that, aa the theory then held had to yield, the undu- 
latory theory may have to yield also. This is perfectly 
logical. Just in the same way, a person in the time of 
Newton, or even in our own time, might reason thus : The 
great Ptolemy, and numbers of great men after him, be- 
lieved that the earth was the centre of the solar system. 
Ptolemy's theory had to give way, and the theory of 
gravitation may, in its turn, have to give way also. Tliia 
is just as logical as the former argument. The strength 
of the theory of gravitation rests on its competence to ac- 
count for all the phenomena of the solar system ; and how 
strong that theory is will be understood by those who 
have heard in this room Prof Grant's lucid account of alt 
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^^Biat it explaiiiB. On a precisely Bunllar basis rests tlie 
^Hpidulatory theory of light ; only that the phenomena which 
^Hftexpl^B are far more varied and complex than the phe- 
^^Kpmena of gravitation. Toa regard, and justly so, the 
^^Kpoovery of Neptune as a triumph of theory. Guided by 
^^KiAdams and Leverrier calculated the position of a plane- 
^^Brf mass competent to produce the disturbances of Uranus. 
^^Btveirier coramimicated the result of Lis calculation to 
^^^Mlle, of Berlin ; and that same night Galle pointed the 
^^^^escope of tLe BerUn Observatory to the portion of the 
^^BssTeiia indicated by Leverrier, and found there a planet 
^^■tjOOO miles in diameter. 

^^P, It 80 happens that the undulatory theory has also its 

^^HTeptiine. Frosnel had determined the mathematical ex- 

^^Bvession for the wave-snrface in crystals possessing two 

^^n^o axes; but he did not appear to have an idea of any 

^^B^&action in such crystals other than double refraction. 

^^Miniile the subject was in this condition the late Sir Wil- 

^^Hbm Hamilton, of Dublin, a profound mathematician, 

^^^bolc it up, and proved the theory to load to the conclu- 

^^^B$n that at four special points of the wave-surface the 

^^^^f was divided not in two parts, but into an infinite 

fi/umiber of parts ; forming at those points a continuous 

conical envelope instead of two images. No human eye 

had ever seen this envelope when Sir William Hamilton 

inferred its existence. If the theory of gravitation be 

true, said Leverrier, in effect, to Dr, Gallo, a planet ought 

to be there: if the theory of undulation be true, said Sir 

William namilton to Dr, Lloyd, my luminous envelope 

ought to be there, Lloyd took a crystal of Arragonite, 

and following with the most scrupulous exactness the in- 

K cations of theory, discovered the envelope which had 
eviously been an idea in the mind of the mathematician. 
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Whatever may be the strength which the theory of gravi- 
tation derives firom the discovery of Neptune, it is matched 
by the strength which the tmdulatory theory derives from 
the discovery of conical refraction. 



NOTE. 

I would strongly reconmiend for perusal the essay on 
Light, published in Sir John Herschel's '^ Familiar Lectures 
on Scientific Subjects." 

J. T, 



NOTES 

OF A COURSE OF SEVEN LECTURES ON 

ELECTEICITT. 
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Voltaic Electricity : the Voltaic Sattery. 

1. If two piecGB of the same metal (pure zinc or pure 
latiunm, for example) be immersed in water, which has 
aen rendered aonr by the addition of a little sulphiirio 

iad, the acidnlated water attacks neither. 

The ordinary zinc of oom.merce being rendered impure 
y the admisture of other metals is attacked by the aoid. 
i may, however, be enabled to withstand the acid by 
Sovering its eurface with mercury. The zinc is dlasolved 
J the mercury, detached from its impurities, and pre- 
mted to the liquid. This procesH is called amaigor 
Ttion. 

2. If two pieces of two different metals {pure zinc and 
iii|>latinom, for example) be immersed in acidulated water, 

no sensible action occurs as long as the tnetals do not toueA 
each other/ but the moment they touch, and as long aa 
they continue in contact, the zinc is attacked by the acid- 
ulated water and dissolves, while bubbles of gas rise 
from the surface of the platinum. 

3. This gas when collected proves to have the specific 
gravity of hydrogen ; like hydrogen it also burns in the 
sir. The water, in fact, is decomposed by the touching 
metals ; its oxygen unites with the zinc to form oxide of 

inc, while its hydrogen escapes from the jilatin 
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. If the two metals be only partially plangeil into tbe 
acidulated water, it docs not matter whelhei' contact O^ 
cars Ktthin the liquid or outside of it. The effect in both 
cases la the dccompoBltioD of the water, the solutitm of 
the zinc, and the liberation of the hydrogen gaa. 

6. When the two partially immerBed metals are o 
nected oatside the liquid by a long wire (say of copper) 
the effect is the same as when they touch directly. la 
both cases a circuit is said to be formed, consisting of tllfl 
two metals and the liqnid. In the case last mentioned 
the copper wire is said to complete the circnit. 

For these experiments a strip of platinum and a strip 
of amalgamated zinc are employed. The liqnid is placed 
in a glass cell with parallel aides, through which is sent a 
beam of light, and by means of a lens a magnified image 
of the cell and its two strips is cast upon a screen. The 
chcnucal action conaequeiit npon touching the metals, 
or on completing the circuit with a wire, and its snapenflion 
when contact is interrupted, are then very plainly seen. 

6. The wire is also said to be the vehicle of an ^ectrie 
current which flows round the circuit. It is also called a 
Voltaic current, bccanae the action here described was 
discovered by the celebrated Italian philosopher Tolta. 
These terms, however, convey to us, as yet, no meaning. 
Our sole business during the present lecture is to examine 
the wire which completes the circuit, and to determine 
wherein it differs from an ordinary wire, 

7. And to enable ourselves to do this effectually, we 
shall employ an arrangement, or a combination, of rino 
and platinum plates and acids, known as a voltaic battery. 
We shall subsequently analyze this battery, and de- 
termine what occurs within it. For the present, as afore- 
said, we shall confine ourselves to the examination of the 
■wire which completes the circuit outside the battery. 
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Electro-Magnetism: Elementary Phenomena. 

8. Interrupting tLe circuit, and immeraing the wire in 
iron filings, it shows no power of attraction over them. 
Establishing the circuit, on reimmerBing the wire in the 
filings they cluster round it and cling to it. If the wire 
be raised out of the filings, they form an envelope round 
It. The moment, however, the circuit is interrupted, the 
filings fall. 

9. If the wire be disconnected fi-om the plates of plat- 
inum and zinc, and stretched under and parallel to a sus- 
pended bar magnet, no action is observed; but on mak- 
ing the wire, stretched beneath the magnet, form part of 
a voltaic circuit, the magnet is deflected from the mag- 
netic meridian. This is CErsted's discovery. 

10. To the eye the wire, if tolerably thick, is un- 
changed by its connection with the zinc and platinum. 
But if for the thick copper wire a thin platinum wire be 
Bubstitnted it is sensibly heated, and may even be caused 
to glow brightly. The wire therefore must he the vehicle 
of some power or condition, which is competent to pro- 
duce both magnetic and thermal phenomena. 

11. If a naked wire, forming part of a voltaic circuit, be 
wound round a bar of Iron, the power of which the wire 
was the vehicle is in great part transmitted to the iron 
which becomes part of the circuit. 

12. But if the wire be overspun with cotton, or still 
better with silk, this transmission of the power from the 
wire to the iron bar is pi-evented. The wire may then be 
;oiled round the bar while the power is compelled to pass 
n succession through all the convolutions of the wire. 
Her© the iron bar is not at all in the circuit. 

13. But though not in the circuit it is powerfully ex- 
cited by the surrounding wire. Every convolution of the 
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wire evokes a ccrtam amount of magnetism in the bar; 
and by rendering the convolutions sufficiently numerous, 
a magnet of enormous strength may be thus gcnerateil 
This is Sturgeon's application of Arago's discovery. 

14. Such a magnet is called an Electro-magnet to dis- 
tinguish it ftom ordinary ptrmanent steel magnets. Wien 
the circuit is broken the power of the electro-magnet 
ccasea. It then falls from its highly-excited condition to 
the condition of ordinary iron. 

15. For electro-magnetic purposes the covered wire ia 
usually coiled ronnd a hollow reel, several layers of coil 
being sometimes superposed npon each other. In this 
condition the reel is called an eleciro-magnetio helix. The 
iron bar to be magnetized is placed within the helix, form- 
ing its core. The electro-magnet may be either straight, 
shaped like a horseshoe, or it may be caused to assume 
other forms. 

16. The smooth bar of iron placed across the ends, or 
poles, of a horseshoe magnet. Is sometimes called a keeper, 
sometimes an armature, and sometimes a aub-maffnet. 

17. It is not necessary that the convolutions of tbe 
helix should be close to the core. A hoop, for example, 
a yard in diameter, round which covered wire is coiled, 
magnetizes an iron bar placed acroaa it at its centre. Tlie 

i body is here nearly 18 inches from the mag- 
ing coil. How is the power transmitted from the one 
to the other? Is it an action at a distance, or does it I'o- 
quire a medium for its propagation ? I do not know. 
The queBliiiu at present profoundly interests investiga- 
tors 

18. If a covered wire forming part of a voltaic circuit 
be coiled round an iron bar near one of its ends, there is a ' 
.propagation of the excitement along tlie bar toward tl 
distant end. As the coils augment in number the a 
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e power of the distant CDd increases. On undoing tLe 
'coils the magnetism gradually falls. The proeeas resem- 
bles more or less the conduction of heat. The augmentar 
tion of tlie coils answering to the increasing of the tem- 
perature, and the trndoiog of the coils answering to the 
cooling of the end of the bar. 

^ectro-Magnetic Emjlncs, 

19. When the end of a cylinder of iron is paitially in- 
troduced into an electro-magnetic helix, on completing the 
circuit a force of suctioa is exerted upon it tending to draw 
it into the helix. Page tnrned this force to account in the 
construction of an electro-magnetic engine. 

Hollow ii'on cylinders, which pass freely into the 
helix, are employed for this experhnent. The end only 
of the hollow cylinder being introduced, when the circuit 
is completed the cylinder is suddenly and strongly 
sucked in. 

20. Others have turned to account mechanically the 
attraction exerted by electro-magnetic cores on bars of 
iron. The distinguished electro- mechanician Froment pro- 
duced rotatory motion in this way. A series of electro- 
magnets are so ranged that their poles lie facing each 
other along the circumference of a circle ; and a series of 
transverse bars of iron are so connected together as to be 
able to approach the polca in succesBion, and rotate as a 
system. When the circuit is established, these bars are 
attracted, motion being thus imjiarted to the system. The 
bars on arriving at the poles which attract them suddenly 
cease to be attracted ; the magnetism being temporarily 
Buspended to allow each bar to pass forward, with tlie 
velocity impressed upon it, to the next pair of attracting 
poles. On reaching these the magnetism is again tem- 
porarily suspended. Tlius the bars are never pulled 
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back; and m this way a continuous motion of rotation ia 
mamtaincd. 

31, This rotatory motion can be applied in Tanoos 
ways ; it may, fcr example, be caused to pump water, to 
saw wood, or to drive piles. 

One of Froment's electro-magnetic engines, and its 
application to pumping and pile-driving, is employed to 
illustrate this. 

Fhysicai Ji^ecta of Magnetization. 

22. Sound is one of the pbyeical effecta which accom- 
pany sudden magnetization aud sadden demagnetization. 
An ear placed cloae to an iron core hears a clink the mo- 
ment the circuit is estabUshed roimd it. A clink is also 
heard when the circuit is broken. This is Page's diaeoTcry. 
Employing a contact-breaker (in a distant room to abolish 
its noise) the coil may be magnetized and demagnetized 
in quick succession ; the sounds then produced may be 
heard by several hundreds at once. 

A poker of good soft iron placed within an electro- 
magnetic helix, and with its two ends supported on voodea 
trays, produces a very good effect. The sound may be 
rendered masical. 

23. When an iron bar is magnetized its volume is un- 
changed, but its shape is altered. It lengthens in the 
direction of magnetization. This is Joule's discovery. 

24. Joule employed a system of levers to augment the 
effect, and a microscope to observe the elongation thus 
augmented. Our metliod is this : The iron bar is magnet- 
ized by an electro-magnetic helix which surrounds it. 
Ita elongation is first augmented fiftyfold by moans of a 
lever; and this motion is applied to turn the axis of a 
rotating mirror. From tlie mirror is reflected a long beam 
of light, which forms an index without weight. The re- 



fleeted beam may be caused to pi-mt a circle of light upon 
a wMte Bcreen, and this circle when fhc bar ia magnetized, 
suffers a displacemeat due to the elongation of the bar. 
This displacement may amouut to a fo3t or more. 

What ia the cause of this elongation ? The diacossion 
of this question requires some preliminary knowledge, 

25. If a sheet of paper or a square of glass be placed 
over a magnet, iron filings scattered on the paper or on 
the glass arrange themselves in lines, which Faraday called 
Lines of Force. Along these lines the filings set their 
longest dimensions, and they also attach themselves end 
to end. A httle bar of iron, or a small magnetic needle, 
freely suspended, sets itself also along these lines of 
force. 

The formation and modifications of the magnetic curves, 
or lines of force, are shown in this lecture by means of small 
magnets held between plates of glass and strongly illnmi- 
nated. Magnified images of the curves are thrown upon 
a screen about 40 feet distant. The shifting of the corves 
by the tapping of the glass is plainly visible. 

26. We may regard a bar of iron as made up of parti- 
cles united by the force of cohesion, but still to some ex- 
tent distinct. When iron ia broken we see crystalline 
facets on the surface of fracture. In fact, the bar is com- 
posed of minute crystals of irregular shape. These, when 
the bar is magnetized, try to set their longest dimensions 
parallel to the direction of magnetization, that is to say, 
in the direction of the bar itself. They succeed in this 
effort to some slight extent, and thus produce the minute 
and temporary lengthening of the bar. This is the ex- 
planation of I)e la Kive. It is, I think, as true as it is 
acute. 

27. Magnetic oxide of iron may be suspended as a 
powder in water contained in a cylindrical vessel with flat 



K0TE8 ON BLBOTBtCITT, 



glass ends. Let the vossel be surrounded by a coil of 
covered wire. Looking at a candle through the muddy 
hquid, and making the coil part of a voltaic circuit, the - 
caudlo brightens at the moment the circuit is made. 
Breaking the circuit, dimneas again supervenes. This is 
due to an arrangement of the particles of suspended oxide 
similar to that of the iron filings. They set their longest 
dimensions parallel to the beam of light, and thus obstruct 
its passage less. They also attach themselves end to end, 
aud form lines like the lines of filings. This beautiful ex- 
periment ia due to Grove. 

Projecting a magnified image of the end of the cylin- 
drical cell on a screen, and sending through it the beam 
of the electrio lamp whenever the circuit is established, 
an illuminated disk, S or 3 feet in diameter, dashes out 
npon the screen. 

Character of Magnetic Force. 
It ia necessary to our further progress to have oleAr 
and definite ideas as to the character of the magnetlo 
force. 

28. The magnetic power of a magnet, or of a mag- 
netic needle, though really distributed throughout its 
mass, appears to be concentrated at two points near the 
ends. These points are called the poles of the magnet or 
needle. 

29. The magnetic power of the earth ia doubtless also 
distributed through the mass of the earth, but a concen- 
tration similar to that just noticed endows the earth also 
with magnetic poles. 

30. The action of the earth upon a magnetic needle b 
this: the north terrestrial pole repels one end of the 
needle and attracts the other; the south magnetic pole 
also attracts one end of the needle and repels the other. 




But tlie end attracted by the north terrestrial ptile is re- 
pelled Viy the south, while the end attracted by the south 
is repelled by the north, 

31. Thus to each terrestrial magnetic pole the needle 
presents two ends which are differently endowed. Two 
opposite kinds of magnetism may be supposed to be con- 
centrated at the two ends. In this dauble'iess of the mag- 
netJo force consists what is called magnetic polarity. 

32. ^Each of the two distinct kinds of magnetism may 
be regarded as self-repellent. North repels north, and 
Eoath repels south. But diSbrent kinds of magnetism are 
mutually attrftctiye; south attracts north, and north at^ 
tracts south. 

33. When a magnet, or a magnetic needle, is suspended 
with the line joining its poles oblique to the magnetic 
meridian, the earth's action on the needle resolves itself 
into what in mechanics is called " a couple," tending to 
turn the needle into the magnetic meridian. 

34. When the needle is in the meridian, the two forces 
which constitute the couple are opposite and equal. The 
tendency to prodace rotation then ceases ; the needle is 
in its position of equilibrinm. 

35. When tlie forces arc equal and opposite they must 
neutralize each other; no motion of translation of the 
needle being, therefore, possible. Tims, when the needle 
is caused to swim on water, or on mercury, it does not 
move toward either of the terrestrial magnetic poles. 

36. One pole of a bar magnet repels the one end and 
attracts the other end of a magnetic needle. At the other 
pole of the magnet the attraction and repulsion ara 
reversed. In the middle of the magnet is the magnetie 
equator, where neither end of the needle is attracted or 
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Magnetism o/Jfelix; Strength of Mectro-Magnets, 

37. Au electro-magDctio helix, ctgh without a core of 
iron, behaves exactly like a magnet. It attracts iron. 
Its two ends, moreover, are opposite poles, and between 
them is a magnetic equator. When, however, a core is 
placed within the helix, the magnetism of the combined, 
system is far more intense than tliat of the helix alone. 

38. The strength of a magnet is measured by its power 
to deflect a magnetic needle from its meridian ; the mag- 
netic strength of a helix alone, and of a helix and cora 
combined, are similarly determined. 

39. To obtain the magnetic strength of the core alone^ 
■wa first determine the strength of the helix alone, then 
that of the helix and core combined ; subtracting the 
former strength from the latter, wo obtain the magnetic 
strength of the core. 

40. If the cores be thick and formed of good iron, the 
magnetic strength of the core is exactly proportional to 
that of the helix, A helix of double power will produce 
an electro-magnet of double strength ; a helix of treble 
power, an electro-magnet of treble strength, and so on. 
Thus by varying the strength of the helix we vary in like 
degree the strength of the iron core within it. 

Eleotro-JilagnetlG Attractions: Law of Squaree, 

41. And here an important point arises. When wfl 
allow a core of double power to act upon a piece of good 
iron, nearly but not quite in contact with the core, tha 
attraction of the iron is not doubled, but quadrupled. If 
the core be of treble power, the attraction is not only 
trebled, but it increases ninefold. If the magnetio 
strength of the core be quadrupled, the attraction of the 
iron is augmented sixtecnfold. In fact, the attraction la 
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proportional, not to the strength simply, hut to the 
Btrength multiplied by itaelf, or to the square of the 
strength of the electro-magnet. 

"We must be very clear as to the cause of thia action, 
and muat, therefore, contrast for a moment tho magnetic 
action of hard steel Tith that of soft iron. 

42. Soft iron is easily magnetized, but it loaea its mag- 
netism when the magnerizing force is withdrawn. Steel 
is magnetized with difficulty, but It retains its magnctiBm 
even after the withdrawal of tho magnetizing magnet. 

43. Thia obstinacy on the part of steel in declining to 
accept the magnetic state, and thia retentiveness on the 
part of steel when the magnetic condition has been onco 
imposed upon it, are called coercive force. It is not a 
happy term, but it is the one employed, 

44. Snpposing a piece of magnetized steel to possesa a 
coercive force ao high as to resist further magnetization, 
its attraction by an eleetro-raagnet would be directly pro- 
portional, not to the square of the strength, but simply to 
the strength of the electro-magnet. 

45. "Why, then, does the iron follow tho law of the 
square of the strength ? It is becauae the magnetic con- 
dition of the iron is not constant, but rises with the 
strength of the magnet. When the magnetism of the 
core is doubled, the magnetism of the iron ia also doubled ; 
when the magnetism of the core is trebled, the magnetism 
of the iron is trebled. The resultant attraction is found 
by multiplying the magnetism of the iron by tho magnet- 
ism of the core, and this product is the expression of the 
law of squares juat referred to. 

46. To make the matter clearer, let us figure the mag- 
netiam of the core aa due to particles of magnetism, which 

K introduced into the core in gradually-increasing num- 
I. Let us start with a core possessing one magnetic 
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particle, and let it act upon a piece of liard steel also pos- 
ses aing one magnetic particle; the resulting attraction will 
lie unity or 1. Let two particles be now thrown into the 
core : the steel in virtue of its coercive force remains un- 
changed, but its particle being now pulled by two parti- 
cles instead of one, the resulting attraction will be 2. If 
tliree particles of magnetism he thrown into the core, all 
of them pnlling at the single particle of the steel will pro- 
duce a treble attraction, and so on. 

47. Xow let us start with a core possessing, as before, 
a single particle of magnetism, and with a piece of iron 
also poaHCBsing a single particle generated by the core; 
the attraction, as before, is here unity. On introducing 
two particles into the core, they generate immediately two 
particles in the iron. But two particles each pulled by 
twice the force first exerted, makes the attraction four 
times what it was at the outset. 

It is to be remembered that every particle is attracted 
as if the other particles were absent. 

48. In like manner, if three particles be thrown into - 
the core, three particles are also generated in the iron. 
Each of these iron magnetic particles is pulled by the tlmee 
particles of the electro-magnet ; that is to say, each of {he 
iron particles is pulled with three times the primitive foroe. 
But there are three particles so pulled; hence the attrao- 
tion is nine times what it was at the outset. 

49. Let ua compare this action for a mora.eiit with that 
of gravity. IVo masses of matter attract each other with 
a force which we shall take as onr unit. If the one n 
be doubled, the attraction is doubled ; if both masses be 
doubled, the attraction is increased fourfold. If i 
mass be trebled, the attraction is trebled; if both masses | 
be trebled, the attraction is increased ninefold. When, i 
therefore, both the masses are doubled and trebled, v 
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have the law of squares. Now, it is this doubling and 
trebling, in ioih eases, of the thing which caasee magnetic 
attraction, which causes it to follow the same law, 

Tnference from. Law of Sguares ; Theoretic N'otiona, 
50, Why do I lead you through these considerations 1 
Simply to make clear to you, that li' " the law of squares " 
here developed show itself in the action of a magnet upon 
matter, we may infallibly infer that the oonditiou.of that 
matter is uot a constant condition; but that it rises and 
falls with the condition of the magnet. Matter thus af- 
fected is said to be magnetized by influence or by induc- 
tion. It ia attracted or repelled (for we shall come uu- 
medifttely to the repulsion of matter by a magnet) in virtue 
of some condition into which it ig temporarily thrown by 
the influencing magnet. 

61. Whatthenistlie thing that causes magnetic attrac- 
tion ? The human mind has long striven to realize it. 
Tbalea (000 b. c.) thought that the magnet possessed a 
Bonl. Cornelius Gemma in 1535 supposed invisible lines 
to stretch from the magnet to the attracted body, a con- 
ception which reminds us of Faraday's Lines of Force. 
Others thonght the iron the natural nutriment of the 
magnet, Descartes embraced magnetic phenomena in 
his celebrated theory of vortices, and in our day Clerk 
Maxwell baa worked in this direction. jSlpiuus assumed 
the existence of a magnetic fluid. Coulotub assumed the 
existence of two fluids, each seif-repellent, but mutually 
attractive. Ampere deemed a magnet an assemblage of 
minute electric corrents, which circulated round the atoms 
of the magnetized body. These conceptions are somo- 
times exceedingly useful as a means of connection and 
classification, even when we do not believe them true. 
William Thomson deduces magnetic phenomena from 
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"imaginary magnetic matter," thus giving the raiDd taa 
conception while distinctly releasing it from belief. The 
real origin of magnetism is yet to be reyealei 

Diamagnetlsm : Magna- Cry stallic Action. 
62. Brugmana, in 1778, first observed the repulsion of 
bismuth by a magnet. Id 1627 Le Baillif described the 
repulsion of antimony. Saigey, Seebeek, and Becqaerel, 
also observed certain actions of the kind. 

53. In 1845 Faraday generalized these observations 
by demonstrating the magnetic condition of aU matter. 
He showed that bodies divided themselves into two great 
classes, the one attracted, the other repelled by the poles 
of a magnet. 

54. To the force producing this repulsion, Faraday gave 
the name of Diamagnetism. 

"What is the nature of this force? Is it inherent and 
constant, or is it induced ? 

55. The repulsion of diamagnetic bodies follows aeon* 
rately the law of squares above developed. A doable 
force produces a quadruple repulsion ; a*reble force pro- 
duces a ninefold repulsion, and so on. 

56. Hence we may infer, with certainty, that the con- 
dition of diamagnetic bodies in virtue of which they are 
repelled by a magnet, is a conditioti induced by the mag- 
net, rising and falling as the strength of the magnet riseB 
and falls. 

67. The force of diamagnetism is vastly feebler tban 
that of ordinary magnetism. Of all diamagnetic sub- 
Btances, for example, bismuth is the most strongly repelled ; 
but its repulsion is almost incomparably less than the at- 
traction of iron. According to Weber, the magnetism of 
a thin bar of iron exceeds the diamagnetism of an equal 
mass of bismuth about two and a half million times. 
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^ 68. Diaraagnetio bodies nnder mngiictic escitoment 
extiibit a polarity the reverse of that of magnetic bodies. 
In all caaes, whether we operate with helices or with 
magnets, or with helices and magnets combineil, the 
actions of magnetic and diamagnetic bodies are anti- 
thetical. 

59. An iron statue standing erect on the earth's Bur- 
face is converted into a magnet by the earth's m;igneti8m ; 
a marble statue, or a man standing erect, ia converted by 
the same force into a diamagnet; for marble ia diamag- 
netic, and BO are all the tissncB and all the solids and 
flaids of the human body. The poles of the man are those 
of the iron statne reversed. 

60. Organic bodies, and most crystals, are magnetized 
with different degrees of intensity in different directions. 
They are endowed with axes of magnetic indnction. 

61. Thus in the case of Iceland spar (carbonate of 
lime), tlie repulsion along the axis is a masimnm. In the 
case of carbonate of iron, a crystal of the same shape and 
Btrncture as carbonate of lime, the attraction along the 
axis is a masimnm. 

62. The position asanmcd by a crystal when suspended 
between the poles of a magnet, depends on its magnetic 



Friclional EUctrieiti/ : Altraetion and Repulsion ; Con- 
duction and Jnsulatioji. 
63. By the friction of a woollen cloth amber is en- 
dowed with the power of attracting light bodies. This 
Biibstance was called Electron by the Greeks ; hence the 
name Electricity was applied to the power of attraction 
exhibited by amber. This attraction remained an Isolated 

(, for more than 2,000 years. 
64. In the year 11500 Dr. Gilbert of Colchester, physi- 
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eian to Queen Eliiabctli, showed that the power of attrao 
lion was shared t)y many other suhstaaces. Dry glass, 
for example, when rulibed by silk, and dry aealing-was 
when rubbed by flannel, exhibit this attractive power. 
Wlien they do so they are said to be eUctriJUd. 

05. An electrified body attracts and is attracted by all 
kinds of imelectriticd matter; but j-epwfaiow may also come 
into play. Thus, rubbed glass repels rubbed glass, and 
rubbed aeaiing-wax repels rubbed sealing-waK; Vhila 
rubbed glass attracts rubbed sealing-wax, and rabbed 
Hcaliog-wax attracts rubbed glass. 

66. Hence the notion of two Miida of electricity: (Biq 
proper to vitreous bodies, and therefore called vitreonS' 
electricity ; tbe other proper to rcainoua bodies, and there- 
fore called resinous electricity. 

67. These terms are iniproper; because by employing, 
suitable rubbers we can obtain the electricity of sealing- 
wax from glass, and the electricity of glass from sealing- 
wax. We now nse the term positive electricity to denote 
that developed on glass by the friction of silk ; and nega- 
tive electricity to denote that developed on sealing-wax 
by the friction of flanneL 

68. Bodies endowed with the same electricity repel 
each other, while bodies endowed with opposite eleclri<»* 
ties attract each other. Tlds is the fundamental law of ■■ 
electric action, 

69. The rubber and the body nibbed are always en- 
dowed with opposite electricities. Tliey always attract 
each other. The work done in overcoming this attraction 
appears aa heat in the electric spark. 

70. To find the kind of electricity with wiiich a body ■ 
is endowed we must ascertain, by trial, the electricity by 
which the body is repelled. Tiiis, we may be sure, is th( 
electricity of the body. Attraction does not fomisb 
safe test, because nnelectrified bodies are attracted. 
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' 91 Some EubBtances possess in a very high degree the 
eapadty of transmitting the electric power, or condition ; 
others possess in a higli degree the capacity of intercept- 
ing it. The former bodies are called conductors, tlie latter 
bodies, insulators. 

72. The insuhitors were formerly called electrics, he- 
cause they could he electrified hy friction ichen held in 
thehami. The conductors were called «oti-electrics, he- 
cause they could not he so electrified. The division is 
improper, because if a conductor be insulated it can 
readily he electrified. To keep it electrified an insulator 
must he introduced between it and the earth. 

Tlieoriea of Etectriaity : Electric Fluids. 

73. What is electricity? Why should it adhere bo 
tenaciously to some substances, and flowso freely through 
or along others ? The human mind has made many 
attempts to imagine the inner cause of electric action, and 
it still continues to make such attempts. Formerly it was 
thought that magnetism and electricity, as well as light 
and heat, were all the work of "imponderable matter," 
associated with the ordinary matter. In the case of light 
and heat, this conception has undergone profound modi- 
fication ; and we seem to see clearly the mechanical cause 
of both. But no similar clearness has as yet been at 
tained with regard to electricity, though a strong presump- 
tion exists that our notions of it are destined soon to 
nndergo a modification equally profound. 

74. Meanwhile we may employ the provisional con- 
ception fumishcd hy the theory of electric fluids. It will 
enable us to classify our facta, though it is not to he re- 
garded as demonstrated. 

75. According to this theory, electrical attractions and 
repulsions arise from two invisible fluids, each self-re- 




1 



us HOTES ON ELBOTRICnr. 

pulsive but both mutually attractivo. The fluids are 
Bupposed to bo mixed together to form a compound neu- 
tral fluid in unelectrified bodies, 

76. The act of electrification, by friction, consista in 
the forcible Bcparation of the two fluids, one of which ia 
diffused over the rubber, and the other over the body 
rubbed. But they may also be B<'parateci in another way 
now to be illustrated. 

JEUtelrie Induction: tlie Cond&naer: tke Mecirophorus. 

77. If an electrified body be brought near an insulated 
unelectrified conductor, but not into contact with it, the 
electrified body will decompose the compound fluid of the 
conductor ; attracting one of ita constituents and repelling 
the other. When the electrified body is withdrawn, the 
separated fluids reunite and neutralize each other. 

78. This forcible separation of tlie two fluids of a 
neutral conductor, by the mere proshnity of an electrified 
body, is called electric induction. Bodies in this state are 
also said to be electrified by influence. Keutral bodiesare 
attracted because they are first excited by induction, 

70. When an insulated conductor is acted on by an 
electrified body, its repelled electricity is free, but ita 
attracted electricity is held captive by the inducing elec- 
trified body. Connecting the conductor for a moment 
with the earth, its free electricity escapes ; and then, on 
the removal of the electrified inducing body, the captive 
electricity is Hberated and difi'used over the surface of the 
conductor. 

80. Thu6 by the mere proximity of the electrified body, 
and without eEtablishing contact between it and the 
neutral conductor, we can charge the latter wt( A the Oppo- 
site dectrictty. 

81. Two sheets of tin-foil (conductors) being separated 
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from each other by a sheet of glass (an insulator), if one 
sheet have electricity imparted to it, it will act through 
the glass, and decompose the neutral electricity of the 
oppoaite sheet attracting the one constituent and repelling 
the other. 

82. If the second sheet be connected with the earth 
the repelled electricity will flow away, and we shall have 
two mutually attractive layers of electricity separated 
from each other by the glasa. 

83. If the one sheet of tin-foil be united with the other 
by a conductor, the two opposite electricitieB will flow 
together; the tin-foil ia then said to be discharged. This 
discharge usually assumes the form of a spark. 

84. If the surface of a cake of resiu, or of a sheet of 
vulcanized india-rubber be electrifled, a plate of metal 
laid upon it will have its neutral fluid decomposed; its 
positive fluid being attracted and its negative repelled. 
On touching the metal plate its free (repelled) electricity 
flowB to the earth ; and now if the plate be ruised by an 
insulating handle, it will appear eharged with positive 
electricity. This ia the principle of the EUctrophonia. 

27ie Etectric Machine : the X.eyden-jar. 

85. An Electric Machine eonsists of two parts : the 
insulator, which is excited by friction, and the prime con- 
ductor. 

88. The first electric machine consisted of a ball of 
Bulphur, which was rubbed against the hand. It was in- 
vented by Otto von Gucrioke, burgomaster of Magdeburg, 
in the year 1671. A sphere of glass was afterward intro- 
duced, then a cylinder of glass, and finally a round glass 
plate, which was rubbed with dry sUk. 

K87. The prime conductor is thus charged ; Wlien the 
ffi plate is turned by a handle it passes between the silk 
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riiljliere and is poBiliveJy electrified. The electrified glass 
tliea acta by inductiqn upon the prime conductor, attract- 
ing tlie negative electricity and repelling ita pOEitiye, 
The conductor is furnished with points, from which the 
negative electricity Htreams out against the excited glass. 
Thus the prime conductor is charged, not by directly 
communicating to it positive electricity, but by robbing 
it of its negative, the positive remaining behind. 

88. The arrangement mentioned in Note 81 is virtually 
a Leyden-jar. Were the plate of glass there referred to 
moulded into the shape of a jiir, one Bheet of foil would 
cover its interior and the other its exterior. Wben the 
jar is connected with an electric machine, its charged in- 
terior coating acts by induction across the glass on the 
exterior coating, attracting the opposite and repelling the 
similar electricity. 

89. In the experiment which led to the discovery 
of the Leyden-jar the hand of the experimentalist served 
as the outer coating. 

90. The cscapM! of the repelled electricity of the outer 
coating to the earth leaves the captive electricity exposed 
solely to the attraction of that within the jar, and cnaMea 
the jar to take a strong charge. 



77(6 Electria Current. 

91. When the outer and the inner coalings are con- 
nected by a conductor, an electric cvrrent passes from the 
one to the other. 

93. The current starts at the same instant from the 
inner and outer coatings; the mid'cfiepoint of the conduct- 
or being reached last by the current. This indicates that 
there are iv^O currents which start at the same moment 
from the inner and outer coatings. 
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1,93. It is agreed to call the direction in wliich tbe 
tjfiffs electricity flows t/te direction of the current. 



The Mectric Discharge; 



and L%g}\tninff^ 



9-t. When an electric current encounters resistance i. 
its passage, heat is developed: tliia heat is sometimes so 
aitenHo as to reduce metals to a state of vapor. 

95, WTien a body is intensely electrified, it will dia- 
iarge its electricity to an nnelectrified body across an 
herval of aif in the form of an electric spark. Two 
3ieB oppositely electrified discharge to each other in the 
e way. 

86. When two oppositely electiified clouds diacharge 
toward each other, the track of the lightning marks the 
rarse of an electric cnrreiit, and the aonnd of the thunder 
^ the sound of an eleatric spark. 

in electrified cloud, if it come near the earth, may 
Bchargoita electricity to the earth in the same way. 
' 98. If the body through which the atmospheric elec- 
tricity passes be a good conductor, and of sufficient size, 
no harm is done ; but tho resistance offered by trees, 
hoascs, and animals, to the passage of the electricity 
naually causes their destruction. 

99. The nervous system requires a certain interval of 
time to become conscious of pain. The time of an electric 
diacharge is but a small fraction of this interval ; hence 
as a sentient apparatus tho nervous aystem is destroyed 
before consciousness can set in. If this be true — and there 
are the strongest grounds for believing it to be true — 
death from lightning must be painless. 

100, "When an electrified cloud passes over a pointed 
lightning-conductor, the opposite electricity of the earth 
ia discharged from the point of the conductor against tho 
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olond. Tlie cloud is thus neutralized, and, in general, 
without prodncing tliuiider. 

101. The duration of au electric spark araounta only to 
an extremely small fraction of a eecond. On this account, 
when moving bodies are suddenly illuminated by the 
spark from a Leyden-jar, they appear to rest for a short in- 
terval in the positiou which they occupied when the flash 
fell upon them. A moving cannon-ball illuminated by a 
flash of lightning appears to stand still about one-eighth 
of a second, this being about the interval during which an 
impression, once made, persiets upon the retina. 

103, The unretarded electric spark will scatter gun- 
powder, but will not ignite it. To produce ignition it is 
necessary to retard the discharge by sending it through a 
wet string. 

E(ectric Density : Action of Points. 

103. If we double the quantity of electricity imparted 
to the same conductor, the density of the electricity is 
said to be doubled ; if we treble the quantity, the density 
is said to bo trebled ; and so on, 

104. On a sphere the density of the electricity is the 
same at all points of its surface ; on a plate the density 
is greatest at the edges ; and on an elongated conductor 
the density is greatest at the ends, 

105. When the conductor ends in a sharp point the 
electric density at the point is so great that the electridty 
discharges itself into the air. 

106. The air thus electrified is self-repellent, and is also 
repelled by the poiut, the so-called " electric wind" being 
produced. 

107. By causing an electric wind to isaue from opposite 
points of a light body, the reaction of the two winds 
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may make the body to float in stable cquilibiium hi tlic 
air, 

Helation of Voltaic to Frietional Electricity. 

108. Tlie outer endaof two pictcs of zinc and platinum, 
partially immersed in acidulated water, are in opposite 
electrical conditions. The free platinum end sIiowb posi- 
tive electricity, ■while tbe free zinc end shoe's negative 
electricity. 

109. When both plates are united by a wire, the posi- 
tive flows along the wire toward the negative, and the 
zjegative toward the positive. But, aa mentioned in 
Note 93, it is agreed to call tbe direction in which the 
jiositive electricity flows the direction of the current. 

110. The force wliich urges this current forward (the f/iw, 
electro-motive force) is enormously leas than that which 
urges forward a current of frictional electricity. The 
consequence is, that tlie latter is able to surmount resist- 
ances which are totally un surmountable by the former. 

111. But by linking cells together we cause the voltaic 
current to approach more aud more to the character of 
the frictional current. It requires, however, a battery of 
more than a thousand cclla to make the current fi'om a 
voltaic battery jump over an interval of air it^j th of an 
inch in length. An electric machine of moderate power, 
and fiirnished with a suitable conductor, ia competent to 
urge its cuiTcnt across an interval ton thousand times as 
great as this, 

112. The electric spark passes through air by the 
agency of the particles of the condnotor from which it 
springs, aud which are carried forward by the discharge. 

113. But measured by other standards the frictional 
E almost incomparably more feeble than the vol- 

1 current. For example; it is not wilhout spocial 
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arrangements for multiplying llie effect thai tlie curront 
from a large electrical machine is enabled to deflect a mag- 
netic needle. 

114. Faraday immereed two wires, the one of zinc and 
the other of platinum, each ^th of an inch in diameter, in 
a cell of acidulated water. The depth of immersion was 
only Jths of an inch, and the time of immersion only ^the 
of a second. Still he found that the electricity generated 
by this small apparatus, in this brief time, produced s 
distinctly greater effect upon a magnetic needle than 28 
turns of the large electric machine of the Royal InatlttiT 
tion. 

115. A cnbic inch of air, if compressed with Bofficient 
power, may be able to rapture a very rigid envelope ; vrhila 
a cubic yard of air, if not so comproEsed, may exert bat 
a feeble pressure upon the surfaces which bound it. Now 
the electricity of the machine is in a condition analogous 
to the compressed air. Its density, or, as it is sometimea 
called, its intensity, or tension, is great. The elcctricily 
from the voltaic battery, on the other hand, resomblea the 
uncompressed air. It exceeds enormously in qftantitif 
that from the machine ; but it falls enormously below it 
in intensity. 

116. The deflection of a magnetic needle and other 
actions of the voltaic current depend solely upon quantity, 
hence the vast superiority of the voltaic current in pro- 
ducing such deflection. 

117. Faraday found the quantity of electricity dis- 
engaged by the decomposition of a single grain of water 
in a voltaic cell {see Note 5) to be equal to that liberated 
in 800,000 discharges of the great Leyden battery of the 
Royal Institution. This, if concentrated in a single dis- 
charge, would be equal to a great flash of lightuing. He 
also estimated the quantity of electricity liberated by the 
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Bbeinical acliou of a einglo grain of water on four grains 
to Le equal in quantity to tliiit of a powerful 
ider-storm. 

118. Weber and Kolilrauaoli have found that the quan- 
o£ electricity associated with one milligramme of 
hydrogen in water, if diflused over a cloud 1,000 mistreB 
above the earth, would exert upon an equal quantity of 
the opposite electricity at the earth's surface an attractive 
of 2,268,000 kilogrammes.* 

Btstoric Jottings, concarniDg Conduction ami tM 

Leyden-jar. 

\ 119. lu 1729, Stephen Grey, pensioner of the Charter 
Ktuse, discovered electric conduction. Connecting an end 
ia wire 700 feet long with a. glass tube and supporting 
B wire on loops of sUk, ho found that on rubbing the 
pbe the distant end of liis wire became electrified and 
icted light bodies. lie also found that a wire loop did 
a support, as tlie electricity escaped through 
B the division of bodiea into conductors and 
^anlatora, Grey'a obsevvatioiia were written down by 
the secretary of the Royal Society the day before his 
death. 

120. In October, 1 745, Von Kleist, a bishop of Cammiu, 
in Pomerania, charged with electricity a flask containing 
sometimes mercury, sometimes alcohol. Throagh a cork 
I the neck of the flask passed an iron nail, which was 
^ught into contact with the conductor of an electrical 
tcbine. On touching the nail Von Kleist experienced a 

t shock. 
■ 121. In January, 1740, Cunteua of Leyden received also 
shock, and bis experiment was repeated by AUamand 
a yutd and uuG-olovetitli in length ; the miUigra.ni me 
tVst'ii>f''graiiii tUo UilugrammcLs 211)3. SJ oi. 
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andMusscLenbroi;k. A wire paseed from the cooductor 
of the machine into a flask filled with water. MuBBcheu- 
broek held the flask in the right hand, the machine was 
turned, and then with the left hand ho drew a spark from 
the conductor. The shock received waa, according to 
MuBschenhrook so terrible, that he declared he would not 
receive a second for the crown of France, MuBBchen- 
broek observed that it was only the person who held the 
flask in his hand that felt the shock, Kleist failed to 
recognize this condition. 

122. In Germany the jar is sometimes called Kleist's 
jar, hot more commonly, because of the failure just referred 
to, the Leyden-jar. The theory of it, and other similar 
apparatus, was given hy Frtiaklin in September, 1747. 
(See Notes 81, 88, 89, 90.) 

123. In 1747, Dr. Watson, Bishop of LIandaff,fient tho 
discharge from a Leydcn-jar through 2,800 feet of wire, 
and through the same distance of earth. Subsequently, in 
the same year, he sent the discharge through 10,600 feet 
of wire, supported by insulators of baked wood. The ex- 
periment was made on Shooter's Hill. 

134, In 1748 similar experiments were made by Frank- 
lin across the Schuylkill, and by De Luc across the Lake 
of Geneva, 

Ststorie Jottings, concerning the Electric Telegraph. 

125. Tlie first proposal of an electric telegraph was 
made by an anonymous contributor to the Scofa JWaga- 
3i»e for 1753. Various attempts to apply frictional elec- 
tricity for this purpose were subsequently made. They 
culminated in the exceedingly ingenious arrangement of 
Mr, (now Sir Francis) Ronalds, published in 1823. 

126. The voltaic pile was described by Volta in a 
letter to Sir Joseph Bants, written from C'omo in 1800, 
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127. Immediately afterward Nicholsou aud Carlisle 
ivered the decompoBition of water by the voltaic 
int 
b 128. In 1808 S&mmering propoBed a syBtctu of tele- 
mpiij based on the discovery of Nioholson and Carlkle, 
A Bimiiar system was proposed about the same time by 
Prot Cose, of Pennsylvania, 

120. In 1820 CErstcd discovered the deflection of a 
magnetic needle by an electric cun'eut.* 

130. The idea of employing the deflection of the 
needle for telegraphic pm-poses occurred to the cele- 
brated French mathematician, La Place ; the problem 
was partly worked out by Ampfire, and still further ad- 
vanced by Ritchie, ProfeBSor of Natural Philosophy in the 
Koyal Institution. 

131. In 183S Baron Schilling couatnicted models of a 
telogr.aphic apparatus which were exhibited before the 
Emperors Alexander and Nic tolas, 

132. In 1833 GauBB and "Weber established an electric 
telegraph between the Physical Cabinet and the Astro- 
nomical and Magnetic Observatories of GrOttingen, em- 
bracing a distance of nearly 10,000 feet. Faraday's elec- 
tricity instead of Volta'a was employed by Gauss and 



s requested by Gauss to pursue the 
graph he made many highly-impor- 
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133. Steinheil v 
To the te 



■ Tn hia oiCBodinglj ufleful little book on the Telegraph, p 
Weale'a "Rudimentary Serioa," Mr. Rabort Sabine quotes Ihe following 
rcmsrkiible passage from a work aa mngnetiam, published in Paris, by 
Frof. Izam, in 18(M : "D'aprSs les obaorvntions de Komugiiesi, pbjsicten 
de Treole, I'aignUle dfiji aimantoe, et que Ton soumc 
galianiqne, ^proute noe declinaiBOn ; ct d'aprfia ccUea de J. Majon, 
■avant chdmiste de G5neH, lea Bignilles non-aimeatSes acquiSrent pac ce 
mOTea une aorta da polarit6 magn^tiquo." The work coatalmng thia 

twos lent to Mr. Sabine by Mr. Latimer Clark. 
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tant contributions and BuggeationB. In 1837 he hail estab- 
lished a Bystem of wires about 40,000 feet in length, con- 
necting Tarious points in the city of Municli and its 
neighborhood, ITie most considerable discovery of Stein- 
heil, and, iadeed, one of the most practically important 
hitherto made in connection with telegraphy, ia that the 
"return wire" between two stations might be dispensed 
with, and the earth employed in its stead. 

134. In 1834 "WheatBtone, by means of a rotating mit^ 
ror, made hia celebrated experiments on the velocity of 
electricity. In the following year ho exhibited one of 
Barou Schilling's telegraphs in bia lectures at King's 
College. 

135. In 1836 Mr. William Fothergill Cooke saw in the 
lectures of Proil Muncke, at Heidelberg, the performanoa 
of a similar instrument. Struck by its obvious practical 
importance, be devised a system of telegraphy, and, in 
partnership with "Wheatstone, dating from June, 1837, 
succeeded ia introducing the telegraphic system into 
England. 

136. From 1832 to 1836 Morae sought to apply chemi- 
cal decomposition by the electric current to telegraphic 
purposes; he abandoned this for his electro-magnetic 
system devised in 1936. This method cousiats in stamp- 
ing, by means of the attraction of an electro-magnet, dots 
and lines upon a slip of paper caused to move by proper 
mechanism over the circumference of a wheel. 

137. In 1850 the first submarine cable was laid by 
Mr. Brett between Dover and Calais. It survived only a 
day. In 1851 another cable was laid down, which proved 
BucceSBful. 

138. On the 5th of August, 1853, tbo submergence of 
the first Atlantic cable was completed, and messages were 
Scot between England and America. The cable ceased 
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& act on the 4th of September, or about a month aft' 
r-Sabmersion. 

130. In 1865 the seconil Atlantic cable was laid and 
lost. In 1866 a cable was succeesfuUy laid, and in the 
same year the cable of 1865 was recovered. Messages are 
now sent between England and America at the rate of 
fourteen words a minute. 

Phenomena observed in Tulegraph- Cables, 
140. Davy showed ("Elements of Chemical Philoao- 
_ "1812, p. 154) that a Leyden-battery could be charged 
with voltaic electricity.* 

• Davj thus deacribea the celebrated battery with wbioli he made 
this espeimient. The spirit to wliiuk Iho battery owed ita birth has not 
dimitijshcd among tho (□cmbors of the Royal Institutioa; "The most 
ponerful combination that exista In which number of altcmatiana is cam- 
bined with eitent of Burface, is that conatruated bf the subecciptions of 
a few zealous cultivators and patrons of scieuce, in the laboraUirj of tha 
Royal InstitutioQ (in 1808). It cuoaists of two hundred instmmtnls, 
conuected together in regular order, each eomposi^d of ten double plates 
arranged in cella of porcclum, and cuutaining in each plate thirty-two 
square inches ; so that the whule number of doutilc plates i? 3,000, and 
the whole surface I2S,O00 square mches. This battery, when the oella 
■were filled with 60 parts of water mixeil with one part of nitric acid, 
and one pact of sulphuric acid, afforded a scries of brilliant and im- 
preesiTe effects. When pieces of charcoal about an inch long and one- 
sixth of OD inuh in diameter, were brought near each other (within the 
thirtieth or fortieth part of an inch) a bright spark was produced, and 
more than half the yolnine of tbe charcoal became ignited to whiteness, 
and by withdrawing tha points from each other a constant disohargo 
took place through tlio heated air, in a space equal at least to four 
iiiches, producing a most brilliant asaeodiug arcb of light, broad, and 
conical in Rirm in the middle. When any substance was introduced 
Into this arch, it instantly became ignited ; platina melted as readily in 
it as wat in the flame of a common candle; quartz, the sapphire, nuig- 
beeia, lime, all entered into fusion ; fngments of diamond, and poinU 
of charcoal and plumbago, rapiJiy disappeared, and aeemtd to evnpo- 
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141. Dr. Werner Siemens was the first to employ (iti 
1847) gutta-percha as a means of insulating subterranean 
telegraphnrires. On the ISthot' January, 1850, in a paper 
communicated to the PhysicBl Society of Berlin, he stated 
that a Bubterranean wire covered with gntta-percha, and 
surroouded by the moisture of the earth, behaved like a 
coloaaal Lcyden-jar. lie also found that ordinary tele- 
graph-wirca charged thcmselvCB, though in a much smaller 
degree than the snbtcrrauean wires. 

142, In 1B38 Faraday predicted the retardation of the 
electric discharge by its own inductive action. (" Experi- 

rate in it, cren whan ths connection via modu in a riiccirer eilmnated 
by the i^-pamp ; but there was no eridonce of their having previonslT 
undccgono fusion. 

"When the communication between the points poaitiTuljf and n^a- 
tively eleotrified was made in air, rarefied in the reoeiTer of the abv 
pomp, the distance at which the di.scbarge took place increnBed aa the 
eihauation was nutdc, and whuti the atmosphere in the vessel supported 
only one-fourth of an inch of mercnrj m the barometrical gnuge, the 
iparks passed through a space uf neari; half an inch ; and by withdraw- 
ing tho points from each other, the discharge waa made through six 
or seven incbea, producing a most beautiJ^il comsoation of purple light, 
the charcoal became inteosei; ignited, and some platina wire attached 
to it, fhsed with brilliant acintillatioaa, aod fell in large globules upon 
the plate of the pump. All the phenomena of chemicad dQComposition 
were prodnced with intense rapidity by this oombhiatlon. When the 
points of charcoal were brought near each other in non-conducting floida, 
such as oils, ethtr, and oxymuriatic compouDda, brilliant sparka occurred, 
and clastic matter was rapidly generated ; and auch was the iotensity of 
the electricity, that sparks were produced, even in good imperfect coo- 
i, snch as the nitric and sulphuric acids. 

" When the two conductora from the ends of the corabino 
DOmicctod with a Lejdcn-battery, one with the internal, the other with 
the external coating, the battery instantly became charged, and on re- 
moving the wires, and malting the proper counectiona, either a shock or 
a spark could be perceived ; and the least possible time of contact wu 
Buffliicnt to renew iho charge to its full intensity," 
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mental ResearcheB," 1333. "Faraday as a Diacovcrer," 
new edition, p, 89.) 

143. In 1864 Faraday experimented with cables at 
the gutta-percha works of the Electric Telegraph Company. 
One himdred miles of gutta-percha covered wire were im- 
mersed in water, and a second hundred miles of a similar 
wire w^ere placed in a dry tank. We will call the former 
the water wire, and the latter the air wire. 

144. Connecting one pole of a battery with the earth, 
and connecting the other pole with one of the two insu- 
lated ends of the water wire, on breaking the connection 
and touching the wire a powerful shock was received ; the 
discharge from the wire was also competent to ignite a 
Statham fuze. When, after having been in contact with 
the battery, the wire was separated and connected with 
a galvanometer, the instrument was powerfully affected. 

145. A rush of electricity into the wire was declared 
by the galvanometer when contact was made ; a rush out 
of the wire was declared when the wire between the bat- 
tery and the galvanometer was connected with the earth. 
None of these effects were observed with the 100 miles of 
air wire, 

146. Faraday, Uke Werner Siemens, rightly explained 
the effect by likening the cable to an enormous I-eyden- 
jar, the wii'o constituting the interior, the water the ei- 
teiior coating, ivith the gutta-percha insulator between 
them. In fact, the surface of the wire in these esperi- 
nienta amounted to 8,300 square feet, while the surface of 
the outer coating of water was 33,000 square feet. To the 
charge and discharge of this apparatus the effects observed 

147. In a subterranean line of telegraph 1,500 miles 
long were placed three galvanometers: one, a, at the b&- 
^nuing of the wire; a second, b, in the middle; and a 
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third, c, at the end, which was also connected with the 

148. Connecting the battery with the wire of the galva- 
nometer «, that instrument was instantly affected; after, 
a sensible time d was affected; and after a still longer 
time, e. It required, in feet, two seconds for the electric 
stream to reach the last instmment. 

149. All the instruments being deflected, when the 
battery was suddenly cut off at a, that instrnment in- 
stantly fell to zero, b fell subsequently, and c after a still 
longer interval. 

150. By a brief touch of the battery-pole against a, 
that instrument was deflected, and could be allowed to 
fell back into its neutral condition before the electric 
power had reached S y i in its turn would be affected, and 
left neutral before the power had reached c. 

151. In this case a wave of force was sent into the wire 
which gradually travelled along it, appearing in different 
parts of the wire at Bucccsaive intervals of time. 

162. It was even possible, by adjusted touches of 
the battery, to make several successive waves coexist in 
the wire. 

163. When, after making and breaking contact at a, 
that galvanometer was connected with the earth, part 
of the electricity sent into the wii'e returned, and de- 
flected a in the reverse direction ; hero currents flowed 
in opposite directions ont of both extremities of the wire. 

154. These effects of induction enabled Werner Sie- 
mens and Faraday to explain the widely- different veloM- 
ries assigned by different experimenters to the electric 
current. 

155. To pass through any conductor electricity re- 
qmres time, the time being directly proportional to l/u 
length of the conductor. 
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. But in the case of a Bubmarine cabU another cause 
retardation comes into play, namely, the charging of 
the cable; the retardation here is proportional to the 
square of the length of the cable. 

^^F Artijicial Cables. 

^^H 167. It was to illustrate points like these and to deter- 
^^Kie the dimensions to be given to the Atlantic cables, 
^^Mt Mr. Cromwell Varley devised his artificial cables. 
^^K 15S. In one of these cables a resistance cqnal to that 
^^^ a real cable 14,000 miles in length is obtained by intro- 
ducing into the path o£ the current feebly-conducting 
liquids instead of metallic wires. The inductive action 
18 obtained by means of condonacrs of tin-foiL In another 

tficial cable coils of wire are employed to give the 
Qssary resistance. 
159. The arrangement described in Note 81 is a cen- 
ser. But those constructed by Mr. Varley are of 
enormoualy greater area, the condensing sheets being 
separated from each other not by plates of glass, but by 

fn sheets of paper and paraffine. The vastness of the 
a and the proximity of the inducing surfaces combine 
exalt the effect. 
160. When the condensers themselves are charged by 
a battery, on discharging them they exhibit phenomena 
similar to those of a Leyden-jar. The shock, spark, and 
other effects of frictional electricity, are readily obtained. 
161, A series of 50 condensers, for example, joined " in 
cascade," that is to say, with the outer coating of each 
^^jpined to the inner coating of the next, when charged wilh 
^^^battery of 1,000 cells, yield powerful sparks, and defla- 
^^Kate wires. 

^^K 169. If the wire be bent and introduced into a glass oi 
^^Hn'ter, the glass is shattered by tJie discbargi 
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1C3. In tho l-tjOOO-mile artificial cable are introduced 
B Beries ol' eleven tubes containing tlie resisting liquid. 
Into these dip wiroa. One end of the charging battery la 
connected with the earth, and the other end can, at Trill, 
be connected with the artificial cable, A 
galvanometers are placed between the resisting tubes 
along the artificial cable. 

164. When no condeneera arc employed, on making 
• connection with the battery all the galvanometers appeal 

to be aimultaneousiy deflected. 

165. When the condenser is introdwced between each 
pair of resisting ceUs — ten condensers in all— the current 
has to charge each condenaer to a certain degree 
fore it can sensibly aflect the galvanometer beyond the 
condenser. Hence, when the condensers are attached, 
the action on the galvanometers is successive, not con- 
temporaneous, 

166. Mr. Varloy snpposed his 14,000-mile artificial 
cable divided into sections representing stations in Lon- 
don, at Gibraltar, Malta, Suez, Aden, Bombay, Calcutta, 
Rangoon, Singapore, Java, and Australia, Supposing 
an actual cable laid, and galvanometers placed at these 
stations, the deflections obtained on establishing battery 
contact would be successive. They are represented by 
the deflections of tho galvanometers associated with the 
artificial cable, 

167. By varying the resistance and the amount of in- 
ductive condenser-surface, a representation of any other ' 
cable may readily be produced, 

168. Connected with the needle of each of the ten gal- 
vanometers is a reflecting mirror, from which a brilliant 
spot of light is cast upon a screen. When tho cable is not 
in action, the ten spots form a row along tho same ver- 
tical line ; when the battery contact is made, the si 
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lections of the galvanometers is declared by tlie suc- 
BSive motion of the spots. 

leteh of Ohni's Tlieory and ^oklrausch's Verification, 

169. I have already ppokon {Note 110) of the force 
which urges forward the electric current (the electro- 
motive force). The amount of tliia force may be deduced 
from the action of the current, when opposed by different 
resiatancea, upon a freely-suspended magnetic needle. 

170. If the wire wliich carries the current be cut 
across, the current ceases to flow. The electricity ceaaea 
to be dynamic. But at tho two ends of the severed wiro 
we have static electricity. 

171. By suitable instruments the amount of this alati- 
cal charge may be determined ; it increases with the num- 
ber of elements of the battery, 

173. It is, moreover, proportional to the strength of 
the current obtained when the wires are reunited. 

173. In thi8*way the statical charge becomes a meas- 
ure of dynamical action : electricity at rest is connected 
with electricity in motion, 

174. In experiments on the electroscopic properties oi 
the voltaic circuit it is necessary that the battery should 
be well insulated. 

175. If the middle point of a wire which connects the 
two poles of a voltaic battery be connected with the earth, 
the tension of that point is nnll. The circuit gradually 
rises in tension right and left to tho two poles of the 
battery. But on one side of the- point we have exclusive- 
ly positive electricity, while at the other side we have ex- 
elusively negative electricity, 

176. At equal distances, at opposite sides of the zero- 
^int, the tension is the same. 

177. If any other point than the middle be fonneeted 
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at the earlli, it becotues the zero-point, right and left ol 
which as beiore we have the two opposite electricities, 

178. If tlie negative end of the battery be connected 
with the earth, the whole wire ehows positive electricity ; ii 
the positive end be connected with the earth, the whole 
wire shows negative electricity. 

170. The wire offers a certain resistance to the passage 
of the current. The battery itself is also in the circuit, 
and the current haato overcome its resistance also. But 
the resistance of the battery may be expressed by a 
certain length of the external wire. When this is done 
the sum of the lengths of both wires is called the reduced 
length of the circuit. 

180. Given the reduced length of the circuit and the 
electro-motive force, we can determine by a simple calcula- 
tion the electric tension of every point in the circuit. 

181. The circuit through which the current flows may 
be represented by a horizontal line {called an abscissa) ; 
the electric tension at every point of the-circuit may be 
represented by a vertical line (called an ordinate). If 
ordinatcs be drawn to represent the electric tensions at a 
great number of points of the circuit, the line joining the 
ends of all the perpendiculars will represent the distribu- 
tion of electric tension in the circuit. The steepneaa 
of this line also represents what Ohm called the electric 
faU. 

182. More strictly, the electric fall is the decrease in 
the length of the ordinate for the unit of length of the 
abscissa, 

183. The total charge of the wire is expressed by the 
a of the triangle enclosed by the ordinate, abscissa, 

and line of fall. 

134, The laws of the voltaic circuit as enunciated by 
Ohm, have been verified everywhere. The electroscopio 



Btate of tho circuit has been esamineil by KolilrauBcb, and 
found to bo in strict accordance with Ohm's theory. 

165. Ohm assumed the passage of the electric fluid 
from one section to another of the connecting wire to be 
due solely to the diftcrence of electric tension between the 
two sections ; he further assumed the quantity of electri- 
city transinitted to be proportional to this difference of 
tension, and from these fundamental assumptions he de- 
duced the laws of the voltaic circuit. 

166. These laws may be briefly stated thus : 

a. The strength of the current is directly proportional 
to the electro-motive force. 

h. The strength of the current ja inversely propor- 
tional to the resistance. 

c. If tlie wire which unites the two poles of battery be 
of the same material, and of the same thicknesB through- 
out, the "electric fall " is ihe same throughout the wire. 

d. If the wire be of the same material, but of different 
thicknesses, the "fall" ia steeper on the thin wire than on 
the thiclc. The "fall'Ma inversoly proportional to the 
cross-section of the wire. . 

e. If the poles be connected by two wires of the same 
thioknOBB, but of difterent resisting powers, the electric 
fall ia'stecpeat on the more resisting wire. The " fall " ia 
directly proportional to tho specific resistances of the 
wires. 

187. In verifying these laws Kohlrauseh employed a 
condenser to augment the feeble charges obtained from 
hia voltaic cell, and he held this instrument to be essential. 
By an exceedingly skilful device Sir Wm, Thomson has 
tendered the condenser unnecessary, and has thus greatly 
simpMed the muans of demonstration. 
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Electro-ehemiatry. — CJiemical Actions in the Voltaic Cell; 
Orighi of the Current. 

188. Pliiloeopliers suppose matter to be made of ele- 
mentary parts called atoms, which are practicallf indi- 
visible. 

189. The elementary atoms can be caused tottnlteto 
form compound atoms, which are called molecules, 

190. Thus water is formed of the combination of the 
atoms of osygen and hydrogen ; common salt is formed of 
union of atoms of chlorine and sodium ; potash is formed 
by the union of the atoms of potassium and oxygen ; the 
snlphuric acid also which we employed to acidulate our 
water is formed by the union of atoms of sulpbnr with 
atoms of osygen. 

101. When, aa in oar first experiment, two strips of 
zinc and platinum are dipped into acidnlated water, the 
zinc, as we know, exerts a very strong attraction on the 
oxygon of the water. AYhen the strips are united thia 
attraction triumphs ; the osygen unites with the zinc, and 
a voltaic current is established. 

192. The oxide of zinc here formed combines with the 
sulphuric acid and forms sulphnric zino. 

193. By thia removal of the oxide from its surfabe the 
zinc is kept constantly clean, and thus enabled to attract 
other atoms of oxygen from the aurronnding liquid. 
During this process the zinc gradually dissolves, and as 
long as this continues the electric current will flow. In 
fact, it is the constant dissolution of the zinc that main- 
tains the permanent current, 

194. The hydrogen of the water, as we have seen, 
escapes as a free gas from the surface of the platimus, 
which, unlike the zinc, is not dissolred. 

195. We are not yet quite clear as to the precise way 
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bioh the eleotric curreut is supported by tlie solution 
Sflifi zinc, but the following iacts and apeculatioos ought 
lo be kuown to you. 

190. When two diilereut meta,ls are brought into coo- 
lant, with no liquid between them, one of them charges 
itself with poeitive and the other with negative electricity. 
We have here the iamoua " contact force " which Yolta 
and his followers considered to be the urging power of the 
voltaic currant, 

197. But the generation of heat, and the perfonnance 
of mechanical work, by the mere contact of two metals, 
would be equivalent to a perpetual motion. It would be 
at variance with tho law which requires for the production 
of any power an equivalent consumption of some other 
power. 

198. It ia, however, a fact that when two different 
metals touch each other the positive electricity reaorts by 
preference to one metitl, and the negative electricity to 
the other; the two electricities are as it were attracted 
differently by the two metals. 

199. This difference of attraction, however, only causes 
s momentary rearrangement of the two electricities, 
which pasB, when the contact is made, into a new condi- 
tion of equilibrium. As long aa the contact continues this 
equiUbriimi is not disturbed; there is no continnoas cur- 
rent. 

200. We may regard the distinct atoms which enter 
into the molecules of a compound as charged in a similar 
manner. For example, the atoms of hydrogen and oxygen 
when they unite to form a molecule of water, may be 
looked upon as charged like the two touching metals. 
This would be the case if the atoms, like the metals, po.s- 

tied different attractions for the two electricities. 
201, When ntrij>s of vine and platinum are plntigcd 
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in Bucli a liquid, the positively-charged atom will turn 
toward the one metal, and the negatively-charged atom 
toward the other, 

202, But, unless the mctalB touch each other, electrical 
oquilibrium Immediately sets in, a constant state of electric 
tensioii heing set up at the free ends of the two metals. 

203, Tiie electricity at the enda may be permitted to 
flow into a condeuser, and may be thos stored up; Bucb a 
oondenBer may thus be discharged through a covered wire 
which paBBca round a magnetic needle, a deflection of the 
needle being thus produced. 

204, Thus in Davy's experiment with his large voltMC 
battery, wherewith he charged liis battery of Leyden-jara, 
the latter, after having been charged, might be discharged 
through a galvanometer, a magnetic deflection being thus 
produced, 

205, But the metals, once relieved of their charge, 
would immediately reload themaelves with electricity, and* 
might be again employed to charge a Leyden battery, and 
to produce a deflection of a magnetic needle. 

206, At no moment during this process the Ibattery 
circuit would be complete ; still we should have a eucces- 
Bion of magnetic actions similar to those observed with a 
closed circuit, 

307, In fact, in the closed circuit the solution of the 
rino incessantly removes the charged surface of that metal 
by dissolving it away, and enables the zinc to take a fresh 
charge; an incessant effort, never fully satisfied, is made 
to eatabliah electric equilibrium; the incessant renewal ol 
the effort maintains the electric current. 

Chemical Actions at a Distance: Electrolysis. 
208. Thus, then, in the cell where the voltaic current 
is generat-ed chemical action occurs. We have, on the one 
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hand, the dccompoaitioa of tbe water, and on the other the 
combinatioD of the zinc with the oxygen and the Bulpha- 
ric acid, 

209. But a voltaic current can also produce chemical 
action at a distance from its place of generation. This 
discovery, as stated in Note 127, was made in tlie year 
1800 by Nicholson and Carlisle. 

210. We cannot decompoGe water by a single voltaic 
cell ; but wlien two or more cells are united to form a 
battery, the current from anch a battery, when sent 
through acidulated water, tears asunder the united atoms 
of oxygen and hydrogen. 

211. The oxygen is set free at the place where the 
current enters ; the hydrogen ia set free at the place 
where the current quits the liquid. If the direction of the 
current be reversed, the oxygen and hydrogen instantly 
change places, 

213. It must be clearly borne in mind tliat the direc- 
tion of tho current, as already defined, is the direction in 
which the positive electricity moves. Knowing, therefore, 
the places at which the oxygen and hydrogen are liber- 
ated, we can infer with certainty the direction of the cur- 
rent through the liquid. 

213. For every volume of oxygen liberated in the de- 
composition of water by a voltaic current, two volumes of 
hydrogen are set free, 

214. Electro-chemical decompoMtion is called electro- 
lysis / and the compound liqnid decomposed by the elec- 
tric current is called an eiectrolyte. 

215. Tlie electric current formed a powerful means of 
analysis in the famous experiments of Sir Ilumphry Davy 
in 1807. 

E21C. By operating with the current upon ordinary 
ish, Davy found tlie base of this substance to be a 
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metal of exceeding lightness, and with an extraordinary 
appetite for oxygeu. When placed on water, it floated 
on the liquid, and combined with its oxygen. By the 
heat thus generated the liberated hydrogen was caused to 
bnrat into flame. When a globule of the metal was placed 
on ice, it burned with a bright llamo, and the hole made 
by the heat was filled with a Bolution of potash. 

217. Soda, treated in the same manner, also yielded a 
metal resembling that of potash. Thus Davy, by the use 
of the voltaic current, decomposed the alkaline earths, and 
greatly expanded our knowledge of chemistry. 

218. To obtain these effects it is necessary to bring the 
potash and the soda to a state of fusion by heat. In the 
solid state they are non-conductora of electricity. In fact, 
the molecules, when rigid, cannot turn in the manner in- 
dicated in Note 201. To conduct tlie oun-ent, it is neces- 
sary that they should thus turn and be decomposed. 

219. When the current is sent through a solution of 
common salt, it decomposes both the water and the salt. 
The chlorine of the salt, in company with the oxygen of 
the water, appears where the current enters the liquid. 
The sodium of the salt, in company with the hydrogen of 
the water, appears where the current quits the liquid. 

220. Chlorine possesses powerful bleaching properties ; 
and if the solution of salt be colored with indigo or litmus, 
the presence of the chlorine ia declared by the destruction 
of the color. 

221. When a current is sent through a solution of 
iodide of potaaaium, the brown substanco iodine is set 
free where the current enter?, while the metal potassium 
is set free where the current quits the solution. The ex- 
periment may be made by moistening bibulous paper with 
the dissolved iodide. 

222. In electrolysis it is usual to immerse two plates of 
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platiBum, or of some other suitable Bubstancc, ia tho 
liquid to be cleeomposod, and to send the current from 
plate to plate. The plate at wbich the current enters the 
liquid is called the Positive Electrode, the plate at which 
the current quits the liquid ia called the Negative Elec- 
trode, Without the liquid these electrodea would, as we 
have already learned, charge thcmseivoa with positive 
and negative electricity. 

223, But inasmuch as electricities which attract eacli 
other are of opposite qualities, the substance which is 
liberated at the positive electrode is called the Electro- 
Negative constituent, while the substance liberated at the 
negative electrode is called the Electro-Positive constitu- 
ent of the liquid, 

224, Thus, in the examples above given the oxygen, 
chlorine, and ioilino, are the electro-negative elements ; the 
hydrogen, sodium, and potassium, being the electro-posi- 
tive elements. 

225, The terms eleetro-positivQ and electro-negative 
are, however, relative, for a Bubstanco may be electro- 
positive iu one oombination, and electro-negative in an- 
other. 

223. If an electric current be conducted through a 
solution of sulphate of soda, it separates the sulphuric acid 
from the soda ; the presence of the acid may be proved by 
its turning a vegetable color red. 

227. When nitrate of silver or acetate of lead is decom- 
posed by a voltaic current, crystals of silver, or of lead, 
are deposited on the negative electrode. 

228. The chemical actions of the electric current, some 
examples of which are here given, constitute what is called 
Electro-ch cmistry , 

229. Electro-plating aud gilding and the electrotype 
process are important applicaliana of electro-chemistry. 



^^m 1.74 NOTES OK EIECTBICnr. 

^^M Here a clicmical compound contaiaing gold, silver, or 

^^H copper, IB decomposed by a voltaic current, the metal 

^^H being deposited on the surface intended to be coated 

^^H with it, 

^^H 230. If the surface on which the metal is deposited 

^^B have a design engraved upon it, the lines of the engrav- 

^^H ing are accurately filled by the metal which, when the 

^^H deposit is thick ouongh, may be detached, a perfect copy 

^^M of the design being thns obtained. 

^^H Measures of the Electric Current, 

^^H 231. The tangent-compass, devised by Weber, con- 

^^H sists of a vertical ring of brass or copper, in the centre of 

^^H which swings a small compass-needla The ring being 

^^H placed in the magnetic meridian, the needle is deflected 

^^H when a current is sent round the ring. The strength of 

^^H the current can be proved to be proportional to the tan- 

^^B gent of the angle of deflection ; hence the name of the 

^^H instrument. 

^^1 232. The voltftmeler is an instrumeut devised by Fara- 

^^M day to measure the strength of an electric current. It 

^^1 consists of a graduated tube which receives and moasnrcs 

^^M the quantity of gas generated by the current in a given 

^^H 233. The strengths of a, series of currents measured by 

^^" the voltameter are accurately proportional to the same 

strengths measured by the tangent-compass. Placing a 

tangent-compass and a voltameter in the same eeries of 

I circuits, the tangents of the angles observed in the one 
ease are accurately proportional to the qnantities of gas 
generated in the other. 
X 
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EUctric Polarization: Milter's Secondary Pile. 

234, When an. electric current is sent tlirough acidu- 
lated water a film of oxygen covers the positive electrode, 
and a film of hydrogen covers the negative electrode. 
One of these two Bubstances being electro-positive, aud the 
Other electro-negative, they act in the liquid lite two dif- 
ferent metals ; the hydrogen plays the part of ziuc, and 
the oxygen plays the part of platinum. 

235, Interrupting the primary battery circuit, and 
uniting together the two plates covered with their respec- 
tive films, an electric current is obtained. 

236, The direction of this current is from the hydro- 
gen film to the oxygen film in the liquid, and from the 
oxygen IllTn to the hydrogen film through the connecting 
wire. 

237, Two electrodes thus covered with condensed 
gaseous films are said to be polarized; and the currents 
obtained from them are called cnrrents of polarization, 

238, Now the battery cuiTcut being always from 
oxygen to hydrogen (see Note 211), it is plain that the 
enrrent of polarization is always opposite in direction to 
the battery current employed to polarize the electrodes. 

239, "When a, decomposition cell with platinum plates 
is iiitroduet<i into a voltaic circuit, it is found that the 
battery current, though strong at starting, gradually 
sinks. This sinking is due to the gradual development 
of the antagonistic current of polarization. 

240, Also in the cells of the battery itself this current 
of polarization may come prejudicially into play. When 
two metals, say zinc and platinum, and one liquid, Bay 
acidulated water, are employed, the platinum plate is 
c oated with a film of hydrogen, 

^^L Sil. This hydrogen, being electro-positive, resembles 



m 



SOTKS OIT ELBOTBIOrrr. 



a plate of zinc, bo tiiat when it is present we Lave, ag 
were, zinc opposeil to zinc in tho battery. 

242, Were both plates actually of zinc, we could have 
no current ; and with the hydrogen film which approxi- 
matea to zino we have only a feeble current. To get 
the full effect of the zinc and platinum some means must 
be devised to remove from the platinum its film of hy- 
drogen, 

243, This is effected in Grove's batteiy by the em- 
ployment of two Uqrmh, Tlie one is strong nitric acid, 
which contains the plate of platinum; the other is dilntG 
Bulphnric aeid, wiiich contains the plate of zinc. Tho 
nitric aeid ia placed in a vessel of porous earthenware, , 
which becomes saturated with the liquid and allows the 
current to pass through it, 

244, When the current passes, the hydrogen liberated 
at the platinum electrode in Grove's cell is instantly oxi- 
dized by the nitric acid, and prevented from forming a 
filTn upon the surface of the platinum. 

245, If instead of employing a single decomposition 
cell and a single pair of platinum electrodes, we employ a 
series of such cells, and send the same current through 
them all, we convert every pair of such plates into an ac- 
tive voltaic couple ; and if the number of such couples be 
great, effects of great intensity may be obtained. 

246, If instead of using decomposition cells we simply 
employ a series of plates of the same metal, say a series 
of half-crowns, separated from each other by pieces of 
bibulous paper or by bits of cloth wetted with acidulated 
water; on sending a voltaic current through such a pile 
of plates, we liberate on one of the surfaces of each plate 
a film of oxygen, and on the other surface a film of hydro- 
gen. These play the part of the two diSerent metals in 
the pile of Volta. 




247. The electromotive force of such a pile may he far 
renter than that of the battery which charges it. It may 

produce a fiir more brilliant epart, and urge ita cuiTent 
against resistances whieh would bo quite insuperable to 
the original battery current. 

248. Tho discoverer of this form of pile was Hitter ; it 
is sometimes called the secondary pile, to distinguish it 
from the battery which charges it. 

Faraday's Mectrofytio Law, 
19. When the self-same current is sent through a 
i of cells containing various compound liquids, tho 
roe amount of liquid is not decomposed in all cases. 

250. Let the current bo sent in succession througli a 
B of cells containing water, oxide of lead, chloride of 

1, iodide of lead, and chloride of silver; then tating 
L in the above order, the weights of tho liquids de- 
composed are represented by the numbers 9, 111.5, 139, 
230.5, 143.5. 

251, Tho question now is, how are these weights of the 
respective substances divided between the two electrodes ? 
Supposing the numbers to express grains, we should have 
ths following division between the electrodes : 



At lUe podttve electrode. 




At Uu DegsUyD eleclrode 


' W»ter 8 ETuinB okjegu. . . 


1. grain hydrogen 


Oiidaof lead... S 




103.S grains lend. 


Chloride of lend. 35.6 " 


ohlorine.. 


103.6 " 


Iodide af lead.. 127 '■ 


iodine . . . 


103.S " 


Chloride of BUverSB.B " 


chlorine ■ . 


108 ■' aUyer. 




252. Now these numbers express the combining pro- 
^rtions of the respective substances ; by the electric 
SUrrent in all cases the law of combination as regards 
lantity is exactly inverted. The substances combine in 
Sqnivalent proportions ; they are decomposed in precisely 
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the same proportions. This is the celebrated law of eleo 
troIysiB discovered by Faraday. 

253. In no case in the body of the electrolyte is any 
decomposition observed; in no easels any gas there liber- 
ated. The substances set ffee appear at the electrodes, 
and there alone. 

254. Taking water as an illustration, the process ia to 
be figured thus : When tlie electrodes, charged witli eleo- 
tricity from tlie battery, are plunged into the liquid, the 
oxygen atom of the water turns toward the positive, ajid 
the hydrogen atom toward the negative electrode. 

255. If the electro-motive force be strong enough, the 
oxygen is torn away from its hydrogen ; tfie free hydro- 

iately converges its attraction on the next 
adjacent oxygen atom, and unites with it, dislodging at 
the same time the hydrogen with which that atom 
had been previously combined. Another atom of hydro- 
gen is thus liberated, which in its turn deoomposea the 
adjacent water-mole cule. Thus through the chain of 
-molecules run a series of decompositions, followed by im- 
mediate recompositious, until the negative electrode is 
reached. Ilere the hydrogen, having no further oxygen 
with which to combine, is liberated as a gas. This ia the 
theory of Grotthuss, which at all events fairly embraces 
the facts. 

NbbilPs Iris Rings. 

256. The hardness of steel in tempering it is judged 
by its color, which is due to a film of oxide overspreading 
the steel. The oxide which forms on the surface of molten 
lead also shows vivid colors. 

257. These are the colors of thin plates investigated 
by Newton and explained by Thomas Young. 

258. By electro-ehcniical decomposition Nobili pro- 
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duced suuIj colors in a very beautiful mauncr. Placing, 
for example, a polished steel plate in a dilute solution of 
acetate of lead, and connecting the plale with the positive 
pole of a voltaic hattery, on dipping the end of a wire 
connected with the negative pole into the solution, the 
peroxide of lead is liberated on the surface of the steel 
immediately under the wire ; and a fihn gradually dimin- 
ialiing in thickness spreads from that point oatward. 
Gound this point we have a series of concentric circles 
showing vivid iris colors. 

259. These colors, like all those of thin plates, depend 
upon the thiclcness of the film, which diminiahes as the 
distance traversed by the current increases. 

(Du Bois-Reymond has shown that when the point 

from the negative end of the battery is very near the 

steel plate, the thickncsa of the film corresponding to the 

diSerent circles is inversely proportional to the cubes of 

|.llieir radii.) 

^I Distribution of Snat in the Circuit, 

■ 260. When the two ends of a voltaic battery are con- 
nected by a thick wire of good conducting material the 
wire is not sensibly he.ated; the heat duo to the oxidation 
of the zinc is in this case confined to the battery itself 

261. But if the two ends of the battery bo connected 
by a wire that oEFers a resistance to the current, the wire 
is heated, and may, if properly chosen, be raised to a 
white heat. 

262, Considering the battery as the hearth where tlio 
line is burnt, we might "be led to infer that the heat duo 
to the combustion of the zinc is liberated on the hearth 
itself, and that its amount depends solely upon the quanti- 
ty of zinc consumed, 

283. This, however, is not the case. Let the battery, 
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with its two ends united by a tbick v'm 
by a TCBBel of water, to wbich the heat deTelopcd by the 
oxidation say of an ounce of zinc is commtmioatcd ; the 
quantity of heat developed is measured by the nse of 
temperature of the water. 

264. Let the battery, witb its two ends miited by the 
resisting wire, be placed in the same vcBsel, and let the 
heat generated in the battery by the oxidation of an ounce 
of zinc be again determined; tbia heat will be leas than 
that observed in the last experiment. 

265. If the connecting wire be now enclosed in a sepa- 
rate TBBBel, and if the heat generated in the wire be thus 
determined, on adding this amount of beat to tbat lib- 
erated in the battery, a total heat is obtained exactly 
equal to that generated in the battery alone, when the 
good conducting wire was employed. 

265. la fact, the absolute amount of heat generated by 
the oxidation of an ounce of zino is perfectly constant; 
but it may be distributed in various proportions between 
the battery and the external eircnit. 

Jietation o^ Ileal to Current and to Itesistanae. 

267. On what does heat developed in a wire uniting 
the two ends of a voltaic battery depend? 

268. It depends, in the first place, on the strougtb of 
the current, but it ia not simjily proportional to that 
strength. 

269. Let the strengths of a series of currents, deter- 
mined either by the tangent-compass or the voltameter, 
be represented by the numbers 1, 2, 3, 4, then the quanti-* 
ties of heat developed in the same wire by these respeo- 
tive currents are expressed by the numbers 1, 
and 16. 
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270. Tho Iieat gencratod is tlierefure proporiioiial to 
the square of the strength of the current. 

271. Preserving tlie strength of tlie uiirrent conatant, 
(he heat generated is proportional to the electrical re- 
sistance of the wire tlirough which it jiaBses. These im- 
portant principles were estahlished hy Joule. i 

212, Tims if one of two equal currents pass through a j 

silver wire, and the other through a platinum wire of the 'j 

eame length and thickness, the heat generated in tho 
platinum will be ten times that generated in the silver, 
because the resistance of the former is ten times that of 
the latter. To urge the current through the platinum in 
this case would, however, require greater battery-power 
than that necessary for the silver. 

273. Hence, when lAe same current is sent through a 
wire composed of alternate lengths of silver and platinum 
of ec|nal thickness, tho platinum spaces may be raised to 

a white heat, while the silver is not raised to the faintest il 

glow. I 

Magneto-Electncity : Induced Currents. I 

274. In a conductor nqar to, but not in contact with a I 
voltaic circuit, a current is aroused when the circuit is ■[ 
established. When the circuit is interrupted a current is | 
also aroused in the conductor. 

275. Thus, supposing the voltaic circuit to be bent 1 
into the shape of a ring ; and that a second ring, not in \ 
the circuit, is placed near the first : at the completion, and 

5t the intcrrnption of the circuit, a current will run round ' 

the second ring. 

27G. The two currents in the second ring are called I 

secondary currents. They are of momentary duration, ' 

Thev impart, in passing, a shock to a magnetic needie^^^J 

td which they arc sent, and by the motion of whiol^^^| 
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tbcir existence is-dcmoustratcd. But thuy vanish inune- 
diately, being quenched by the resistance of tbe ring and 
converted into heat. 

277. These two momentary currents flow in oppoeito 
directions through the ring. The secondary current, ex- 
cited on making the circuit, is opposed in direction to the 
primary exciting current; that started on intci-rupting 
the circuit flows in the same direction as the primary. 

278. These secondary currents are called induced cttr- 
reiits. They were discovered by Faraday in 1830, and 
deacribed by him in hia Philosophical papers for 1831. 

279. If, instead of employing a single ring, we make 
use of an electro-magnetic helix, every coil of the helix 
will furnish its quota of current, and the sum total of eSeot 
is much greater than when only a single ring or coil ia 
employed. 

For the following experiments, two flat spirals, each 
formed of covered copper wire, are used. 

280. One of the spirals is laid flat upon a table, its two 
ends being connected with a galvanometer; the other 
spiral is connected with a voltaic battery, with which the 
connection can be established or broken at pleasure. Let 
ua call this the inducing ai primary spiral, and that con- 
nected with the galvanometer the secondary or indueed 
spiral. 

281. Laying one spiral upon the otbci, on sending a 
current through tlie primary, the needle of the galri^ 
nometer is suddenly driven aside by the current induced 
in the secondary ; but the force which acts upon the needle 
passes away in an instant, the needle returning to its first 
position. 

282. On intemipting the current the needle also re- 
ceives a shock, being deflected in the opposite direction. 
It thus declares the existence of a second temporary onr- 
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rent in the secondary Bpiral, The directions of these two 
currents, with reference to that of the primary, have been 
already indicated ; Note 277. 

283, Holding the secondary spiral at a distance from 
the primary with the current flowing through the latter; 
on causing the secondary apiral to approach the primary, 
a current is aroused ; this current ceases the moment the 
motion toward the primary ceases. 

284, On withdrawing the secondary spiral from, the 
primary, a onrrcnt is also aroused; this cnrrent also ceases 
the moment the motion of withdrawal ends, 

285, The current excited by approach is opposed in 
direction to the primary; the current excited by with- 
drawal is ill the same direction as the primary. 

286, Two electric currents flowing in the same direc- 
tion attract each other ; if they flow in opposite directions 
they rejiel each other. 

287, Hence, to make the secondary spiral approach its 
primary, we have to overcome a repulsion / while to with- 
draw the secondary from the primary we have to over- 
come an attraction. Thus ui order to produce these in- 
duced currents we must expend mechanical force. 

288, The force thus expended appears as heat in the 
secondary wire after the cessation of the induced cmreut. 
It is the mechanical equivalent of that heat, 

389. The approach of a magnetic pole to the second- 
ary spiral and the withdrawal of the pole from the same 
spiral also arouse induced currents. But, as before, it is 
only during the periods of approach and withdrawal that 
the current appears. 

290. Thus by the mere motion of a magnet, and with- 
out any battery or machine, electric currents may ho 
^^produced. 
^HL 291. Every change of the magnetic coudition of the 
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spaco near a socondarj coil, or witliin it, produces au 
duoed current in tbe coil, K the change be an augmeata- J 
tion of magnetiBm, the current ia in one direction ; if it be 
a dimlnation of magnetism, the current ib in the opposite 
' direction. 

292. When a long aecondary coil BurroundB a primary 
ooil with a core of iron, by breaking and making' the cir- 
cuit of the primary in rapid BuccoBBion, a series of power- 
ful discharges may be obtained. An automatic apparatus 
IB usually employed to make aud bre;ik the circuit. 

293. Such Induction Coils have been couatructed with 
great skill by Ruhmkorif, and are, therefore, sometimes 
called Ruhmkorff'fl coils. Mr. Apps baa recently produced 

' induction coils of astonishing power. 

294. The power of a coil depends mainly on the per- "1 
fection of the insulation of ita coils. The induced cur- 
rentB in a Rahmkorff's coil may possess thousands of 
times the electro-motive force of the primary which ex- 
cites them. They are able, for example, to overleap as 
sparks, distances thousands of times greater than that 
possible to the primary, 

Mdalion of Induced Currents to the Lines of Maffnetie 
ihrce. Rotatory Magnctlam. 

293. The foregoing phenomena and principles were all 
laid bare by Faraday. He also established most important 
relations between lus induced currents and the lines of 
force snrrounding a magnet. See Note 25, 

2D0, He proved that when a condictor moves atonj 
the lines of force no induced currents appear; but that 
when it moves across the lines of force suoh ourrente are 
generated, 

aOT lie proved, fur example, tliat when a metal disk 
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MQBed to rotate so as to be tangent to the lines of 
J, no cnrrent appears ; while when tlie disk, in its rotar 
I, cuts the lines of force, cuneots flow along the disk, 

n the centre to the circumference and from the circnm- 
e to the centre. Closed circnita are thus established 
in the disk, 

298. This, in fitct, is the " Magnetism of Rotation," 
discovered by Arago in 1820, which received complete 
explanation at the hands of Faraday. 

290, Faraday showed that the lines of force of terrea- 
trial magnetism suffice to produce induced cnrrents when 
tliey are intersected by the rotating disk. In fact, all the 
effects of magneto-electric induction may bo obtained 
from the magnetism of the earth. 

300. Wben a conductor rotates round an axis which 
ia parallel to the lines of force, it experiences simply tho 
resistance due to the friction of the air; but if the axis 
of rotation be transverse to the lines of force, tho rotation 
is retarded by the interaction of the magnet and the in- 
duced currents. 

301. This retardation may become so powerful as in- 
etanlly to arrest the rotation. If, for example, a cube or 
sphere of copper suspended from a twisted string be 
caused to spin, by untwisting, between the poles of an uu- 
excited electi-o-magnet, it experiences the retardation 
due to air friction only; but on tho supervention of tho 
magnetic force the rotation is suddenly arrested, Fara- 
day also showed that in passing a plate of copper rapidly 
to and fro between the magnetic poles yon seem to be 
cutting cheese, though nothing is visible. It is as if pure 
epace were a kind of solid. 

302. If by mechanical means the conductor be com- 
pelled to rotate or to move to and fro between the excited 
poles, it will be heated. Joule first demonstrated this 
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but a very sti'Iking demonstration of it was given by 
Foucault, who heated bis celebrated gyroscope in tliia 
way. The heat ia readily rendered sufficiently intense to 
melt fusible metal Between the unox cited poles no effect 
, of thia kind is produced. 

303. The repulsion set up by induced currents be- 
tween the helices and the moving masses of iron in an 
electro-magnetic engine, would of itself limit the practi- 
cal application of electricity as a motive power. Never- 
theless, though such engines speedily reach the limi t-, of 
their action, the conversion of molecular force into me- 
chanical effect may be rendered far more perfect than in 
the case of the steam-engine. 

The Extra- Cmrcnt. 

304. If the secondary coil of a Ruhmkorff'a machine 
have its ends united, the secondary circmt being then 
complete, the spark obtained in breaking the prinmry ia 
small. On separating the two ends of the secondary the 
primary spark is instantly augmented. 

305. The diminution of the spark is due to the reac- 
tion of tlie completed secondary circuit upon the primary. 
When the secondary circait is interrupted thia reaction 
eeases. 

306. The primary circuit in its turn can, when com- 
plete, react upon the secondary. It is complete when- 
ever contact is made by the automatio contact-breaker. 
A great enfeeblement of the secondary current is the 
consequence. When the primary circuit is interrupted 
the reaction does not exist; there is bo enfeeblement, 
the full power of the secondary being developed. It is 
on thia account that in Ruhmkorff's coil we obtain dis- 
charges in a single direction only, instead of discharges 
alternating in direction. 



307. T!ie reaction hero referred to coauects itself witli 
what is called the extra-current. 

308. When a cnrrent is sent through a siugle primary 
coil, the primary current excites in the wire which can'iea 
it, a secondary current opposed in direction to the primary. 
The primary arouses an antagonist in its own path, which, 
however, immediately disappears, 

308. When the primary circuit is broken, a secondary 
current of momentary duration, and having the same 
direction as the vanishing primary, is evoked in the 
coiL 

310. Each of the two currents evoked in the primary 
circuit itself, at the commencement and at the cessation 
of the primary current, has been called by Faraday an 
extra-eurrent. 

311. The spark obtaiued on breaking the primary cir- 
cuit is augmented in brilliancy and power by the extra- 
current. 

312. If a second circuit be aBsoeiatcd with the primary; 
if, for example, two covered wires arc wound round the 
Bftme reel ; on making one of them a primary circuit we 
have the brilliant spark due to the extra-current, as long 
as the ends of the second coil remain unconnected. 

313. But the moment they are connected the extra- 
current in tlie primary circuit disappears ; there is an ip- 
stant reduction in the brilliancy of the spark. 

314. This is an example of the reaction referred to ia 
Note 304. By the closing of the secondary circuit the 
extra-current is formed in it instead of in the primary one. 
Here, in fact, the extra-current becomes an ordinary In- 
dnced current ; it is only so long as It remains in the 
primary circuit that its distinctive name is applied to it. 
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315. Tbe intenaity of tbe secondary, current — its "dia- i 
charging diBtance," for example — depends upon the i* 
pidity with wMch the primary is interrupted. 

316. I have already ruferrcd to the passage of particlea 
between the two severed terminals of a circuit. By these 
particles the current may be kept up for a short time after 
the terminals have been disunited. A gradual dying away 
of the-primary is the consequence. 

317. But to produce the maximum, secondary intensity 
it is necessary that the primary should be extinguished at 

318. This is very effectually accomplished if the pri- 
mary be broken between the poles of a strong magnet. 
The secondary spark may be thus made to overleap dis- 
tances, vast in eoraparisou with those possible to it when 
the rupture of contact occurs far away fi'om the magnetic 
poles, 

319. The magnet quenches immediately the stream of 
particles which accompany the spark. Thus, instead of 
being spread over a very sensible interval, the whole 
power of tlie primary is concentrated into an instant of 
time. 

320. This conoentration is announced by the loudness 
of the report of the primary spark. This augmentatioa 
of loudness was first observed by Page ; it was explained 
by Rijke, who also exalted in the way here indicated the 
discharge of the secondary coiL 

331. The injurious eftect of the spark produced by the 
rupture of contact in Ruhmkorff's coil is much diminished . 
by the cinployment of a condenser, which is attached to ■ 
the primary. It was introduced by Fizeau. 
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^eclrio DisoJiarge through Rarefied Gases and Vapors. 

322. The eleatricity from the prime conductor of an 

Biectricitl machine passes throvigh the air in the form of a 

suae and brilliant spark, which produces a very audible 

. When the discliarge passes tliroagh rarefied air 
3ie discharging distance is augmented, and by sufficiently 
wrefying the air the discliarge may be caused to pass 
aiUntly. It then fills the tube through which it passes 
with a rosy light. 

324, This rosy light has the same origin as that of 
the Aurora Borealis ; it is due to the nitrogen of the air. 

325, Every attenuated gas has its own characteristic 
color when traversed by the electric discharge. When 
examined by a prism the color resolves itself into distinct 
bands ; the nature of the gas may, indeed, he inferred from 
the analysis of its epectrum, 

326, The discharge of the induction coil through at- 
tenuated media produces luminous elTects similar to those 
produced by the electric machine. 

32T, The tubes containing the attenuated gasoa or va- 
pors are usually called vacuum tubes. Through the tubes 
pass platinum wires which are fused into the glass, and 
between which the discharge passes. 

328. Such tubes are produced in great perfection by 
Geissler, of Bonn, and are somctimca called Geiesler'a 
tubes. 

329. Under certain circumstances, the luminous dis- 
charge is composed of distinct luminous strata separated 
from each other by dark internals transverse to the direc- 
tion of the discharge. These strata were first observed 

■ by Grove ; they were observed independently and Gnely 

I ev eloped by Kuhmkorfl; 
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330. The luminous strata wi?re believed to arise fri 
tlie intermittont action of the coutact-ltreaker of the in- 
duction coil ; but Gassiot produced them both with the 
fslcctric machine, and with his battery of 3,500 cells, where 
110 contact-breaker is employed. 

331. Every smglo discharge of the induction coil 
through a properly-chosen medium resolves itseif into a 
EericB of pulses, which declare themselves aa a stratified 
discharge. Under Bimilar circumstances tlie discharge 

, from the voltaic battery also is resolved into a series of 
pulses which are declared by their stratifications. 

A.ction of Magneia on the JJaminous Discharge, 
S33. The luminous discharge is to all intents and pnr- 
[K>SG8 an electric current, and is acted on by a magnet like 
a wire carrying a current. 

333. But the flexibility of the luminous current in 
rarefied gaaes en.ables the magnet to act upon it in a man- 
ner peculiarly interesting and instructive. 

334. Placing, for example, a tnbe through wlueh the 
luminoua discharge is passing between the poles of an 
eleotro-magnet, by exciting the magnet the stream of 
light may be either deflected or wholly extinguished. 

336. In the latter case, by interrupting the current 
passing round the magnet, or by lifting the tube out of 
the magnetic field, the lumiaous discharge is restored, 

336. In certain cases, when the luminoua discharge 
consists simply of a feeble glow, the supervention of the 
magnetic force draws a series of strongly-illuminated 
strata from the positive terminal of the vacuum-tube ; 
when the magnetism is interrupted, these strata retreat 
again in succession, as if swallowed up by the positive 
pole. A number of exceedingly beautiful experiments of 
this character has been made by Gassiot. 
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337. It haa Leon Btatcd in Note 30e that the diB- 
cbargea from the induction coil proceed always in the 
eame direction; hence, in each vacuum-tabo wo liave ft 
positive terminal or pole, and a negative terminal or 
pole. 

338. "When the light surrounding the negative ter- 
minal is subjected to a magnet, Jt ranges itself exactly 
along the lines of magnetic force ; tlie light at the posi- 
tive terminal shows no such action. This discovery is due 
to Plttcker. 

Magneto-electric Machines. Saxton^s Slachi/ie. liiemcn^''a 
Armature. 

338. Faraday's discovery of Magneto-electricity was 
annomiced in 1831. In 1833 a machine was constrncted 
by Saxton for the more copious development of magneto- 
electric currents. 

340. In it copper-wire coils, within which wore placed 
cores of iron, were caused to rotate before the poles of a 
powerful magnet. 

34:1. On the approach of a coil to one of the poles of 
the magnet, a powerful current, whose direction depended 
on the nature of the pole, was induced in the coil. When 
the coil retreated from the magnetic polo, a current in the 
opposite direction was induced. This production of op- 
posite currents by approach and withdrawal has been 
already referred to in Notes 283, 234, 

342. By means of an instrument called a commutator, 
which reversed one of the induced currents at the j>roper 
moment, the opposite currents were caused to flow in the 
same direction. 

343. The cores of soft ir'on and their associated coils 
oonstitute what is called an annature. In Saxton'a arma- 
lure the coils were wound (rariavcrgeli/ to the iron cores. 
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344. Butby winding hia coils ^on.^iiurfi'TMzffy, or parallel 
lo tUe axis of the core, and placing the armature so formed 
between the polea of a series of horseshoe magnets, Siemena 
obtained magneto-electric currents much more powerfnl 
than tLose of Saxton. 

WildeU Machine. 
Things were in this state when, in 1866, Wilde made 
an important addition to oar knowledge of miigneto- 
electricity. 

345. He conducted the current obtained by means of 
Siemeus's armature round an electro-magnet, and found 
that the magnetism thus excited was far greater than 
that of the entire series of steel magnets employed to 
generate the magneto-electric corront. 

346. Thus, in one case, he found that whereas the 
series of permanent magnets taken collectively waa com- ' 
petcnt to support a weight of 40 lbs. only, the electro- 
magnet which they excited sustained a weight of 1,088 lbs. 

347. To produce this effect, however, it was neceasary ' 
that the armature of the magneto-electric machine should 
rotate with great rapidity. 

348. But Wilde went farther. Forming his electro- 
magnet from a large plate of iron, and placing between its 
long poles a correspondingly long armature, similar in 
shape and construction to that of the magnet o-electrio 
machine, he obtained from this second armature ourrenta 
of enormously greater power than those obtainable fron^ 
the first 

349. These currents could in their torn be sent round a 
ancond electro-magnet, formed from a larger plate of iron. 
Furnished with a rotating armature, tliis second electro- 
magnet produced effects previously unknown. Rods of 
iron a quarter of an inch in thickness were fused by the 
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I, and tliL'y wore also fouqd competent, when di»- 
larged between carbon terminals, to produce a liglit of 
tolerable brilliancy. 

Siemens's and Wheaialone's Machine. 

350. The next great step in magnet oelectrieity was 
lade Bimultaneously by Dr, Werner Siemens and Sir 
harles Wbeatstone. 

351. Expressed gcncniily, this discovery consists iu 
mlting, by means of its own action, to a high pitch of 
tensity an infinitesim^d amount of magnetism. 

353, Conceive an electro-magnetic core with a. very 
Ball amount of residual magnetism, which is never whoUv 
went when iron has been once magnetized. Let a geo- 
y coil, with cores of soft iron, rotate before the po]eg 
' Buch a magnet. Exceedingly feeble induced currents 
"^ circulate in tlio secondary coil. Let these indaced 
irenta, instead' of being carried away, be sent round the 
jctro-magnet which produced them ; its magnetism will 
ii thereby exalted. It ia then in a condition to produce 
11 stronger currents. These also being sent round the 
agnet, raise its magnetism still iiigher; a more copious 
iduction of induced currents being the consequence. 
tuB by a series of interactions between the electro-magnet 
jd the secondary helix, each in turn exalting tlio other 
e electro-magnet is raised from a state of almost perfect 
Bntrality to one of intense magnetization. 

353. When the magnet has been raised to this con- 
itioD, otlier coils than those employed to magnetize it 

may be caused to rotate before, or between, its poles; the 
currents from these coils may be carried away and made 
use of^ for magnctiKation, for chemical decomposition, or 
nfor the electric light. 

354. The first magneto-electric macliine used to pro- 
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dace a ligbt BuDicicntly iatensc for light-hoaaea was con- 
Btmcted by Mr. Holmes. In it pcrmaneot steel magnets 
and rotating holicca were employetl. Mr. Holmes liaa 
lately constructed a very powerftil machine on the prin- 
a of Siemens and TfVhoatBtone. 

Induced Currents of the LeydenSattery, 
365. If a Leyden jar, or battery, be discharged throngb 
a primary spiral, it evokes a cnrreut in a secondary spiraL 
With a strong cliargo this secondary current may be caosed 
to deflagrate a foot of thin platinum wire. 

356. If the current from the secondary spiral be led 
round a third spiral ■which faces a fourth ; on discharging 
the battery through the primary spiral, the secondary in 
the third spiral acts the pari: of a primary, and crakes io 
the fourth spiral a tertiary current, 

351. With another pair of spirals this tertiary current 
can he made to generate a current of the fourth order j 
this again, with another pair of spirals, a current of the 
flfih order. All these currents can impart shocks. Ignite 
gunpowder, or deflagrate wires. 

For the investigation of the Induced Currents of the 
Leyden-Battery wo are indebted to Prof Joseph Henry, 
Director of the Smithsonian Institution, and to Pro! RieBa, 
of BerUn. 
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APPLETONS' AMERICAN CYCLOP/EDIA. 

NEW REVISED EDITION. 
EnHrily rroiriilis iy Iht ailnl ■wriirn m tvtry iv^M PTBiltd/rsm hivi Ij,-^, 

The work origuially published noder lie tilte of The New Americah Ciclop^dia 
WB» camplclcd id TB63, since which time (he wide circulatioD which it hu attained in all 
puts of the Umted Slates, Hod the aenaldevelDpnieDta which faave taken place in every 
brsDch of science, liteialuie, and an, have induced the cdilon and publishers to suhnut 
it ID an exact and thoroueh revi^on, and to issue a new editiss entitled The Auerican 

CVCIOPBWA. 

Within the last ten fears fheprosreunr discovery in every department of knowledge 
has made a new work of reference an imperative want 

The movement of palidca! aflain has kept pace with the discoveries of science, and 
Ibeir fmitful application to the industrial and useful arts and the convenience and refine- 
ment of social life. Great wars and consequent revolutions have occurred, involving 

its height when the la^t volume of the old work appeared, has happily been ended, and 

Large accessions to our geographical knowledge have been madebylbeindcfatigable 

*rhe great political revolutions of the last decade, wiiblbenatiual result of the lapse 
Dfdnie,have hrou^t bio public view a multitude of new men, whose names are in 
every one's mouth, and of whose lives every one is curious to know the particulan<. 
Great battles have been ibught, and important sieges maintained, of which the details 

but wluch ought now to take their place in permanent and authentic bisto^. 

In preparing the present edition for the press, it has accordingly been the aim of die 
editora to bring down the infarmaliou to the latest possible dales, and to furnish an ac- 
GUTste account of the most recent discoveries in science, of every fi^sh production in 
literature, and the newest inventions in the practicBl arts, as well as to give a soccinct 
and original record of the progress of politicd and historical events. 

None of the urigiiial stereotype plates have been used, but every paRe has been 
printed on new type, forming in ^t a new Cyclopedia, with the same plan and com- 
pBB as its predecessor, but with a far greater pecuniary erpenditure^ and with such 
improvements in its cDmpositioa as have been suggested by longer experience and 
enlareed knowledge. 

The iUusDanous, which are introduced for the first time in the piesenl edition, have 
been added not for the sake of pictorial eflect, but to give ereater lucidity and force to 
die explanalians in the (exL They embrace all branches of science sad of natuial his- 
tory, and depict the most famous and reuiarkahle fbatures of scenejy, arcHtecnm, and 
art, as well as the various processes of mechanics and manufactures. Although intended 

will hnd a welcome reception BB an admirable feature of the Cyclopaedia, and worthy 

This work is sold 10 subscribers only, payable 00 delivery of each volume. It is 

traled with several thousand Wood Engravings, and with numerous colored Lilho- 
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lnfxtTaclKth,p!rv<il. $s.cn 1 In half rui!ia.ixtra gill, firwl..%i oa 

Inmrarykalkrr.firvQl. 6.00 InfuUntor. anl.,iiU ldgts,ftr-:ml.^o.^ 

Inhalffurttymcroa-cttrmI 7-00 I TitJuUrmiia,ptTial lano 

••• Specimen pages of the A«hric*ji Cvcijip.bdia, showing type, iUuslrationB, etc., 
will be sent gratis, on application. 
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Krt pa-iaiicnl i<«« •Inrlar <(« ISTH) fo promult the diffiuian o/caliiab 
tnNjIe inoirlfdge, in a readablt and attractinB/onn, amonff all alaaiL 
of titt eonnHiuiil!/, and hai tAut/armela anal tapplied by 
•ttnOe Unitfd Slatea. 



If Importiuit BcUn- 
bo btcat "vtows put 
if [be hlgbeet iid- 






loineB tuTO DOW ippeBred, trtilcb are filled nltU ImCmMlva and inlenstl 
vUclei uQ ibBCraeta or artlcleB. orlglQid, selectsd. troDHlBUil. wid iUoaOsted, ttom t 
[MJiB oT thB IffldMg BclBDtllLa uiim of dLfferent iwimblcii. Afleou 
tma dlanvoiise, tko iqipUcatlaii aluAaioo to tbe pmcCcsl arts. » 
ftFrth contaming natnral phanonu'no, Iibto boon glvnn by tana 
thoii^. Prominent atlontloil tiiu beon alio deYoted lo.tbOM vidnDH udenceB vbiGb 
hD][l ta A bettur undurstuidiiig of tbo nELtaro Df man, 1o the boorlngH of BideDca ii|iOD 
tlK qneitloDi of aoolot; am] goYOrDmcnt. to ecientiac »lacstlall, snd to tbo conlOctM 
wUoli luring from tha pregrMslve nsturo of BrientlflD knowlodge. 

~ ~ u BcnNCi UuNTELi bus Jong Bicce Maaeil to be in eipgriment. It 
t A olreDktLoa br beyond tbe moat BangainB hopes at flrat entfrt^tlM, 
lial and liitoIHgoBl npprovol «blch H las eveijKbeK mat shnwe tbal Ka 
Btruotlf diacusoloDS have beco woli approcLatod by the reqdlog portiNi of 
m people. It bag not been its policy lo mafce boaetfol promises or great 
tlilngfl (4> be done la tbe fature, but ntlier to appeal to vrhat It baa abeacly accom- 
pUslud u giving II a claim apoa pupulur patrooagc. Bat do pains wlH bo spared to 
Improre It and nuka It allli mote worthy of liberal sapport, and atil! more a D«jo«slty 
to Uie cnlttntod cloasee of the country. 

TnE PoFDLlE SoiBNiiii MONTnLT ti piitiHshcd la a lorEii wtoro. bandsomely prlnltut 
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